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Abstract
The northeastern USA has a long history of acid rain, which has impacted soil fertility
and raised concerns about the sustainability of the forests in the region. To facilitate
recovery of these forests, calcium addition, in the form of wollastonite, was evaluated as
a remedial tool at Hubbard Brook Experimental Forests in New Hampshire, USA. In
order to study the effects of these amendments on soil organic matter and soil microbes, I
characterized the structural chemistry of soil organic matter (SOM) and its hot-water
extractable organic matter (HWEOM) fraction for Hubbard Brook soils and studied the
changes in the structure of SOM and HWEOM after short- and long-term calcium
amendment. I found that the C:N ratios for these soils were 27.2 and 22.8 in Oi and Oe
horizons, respectively, and ranged from 20.8 to 22.6 in the Oa horizon. Hot-water
extractable organic matter (HWEOM), which was 3.39% of soil C in Oi horizon and
0.93-1.14% in Oe and Oa horizons, had much lower C:N ratios than whole soil values, at
19.1 in Oie horizon, 14.8 in Oe horizon, and 13.5-14.8 in Oa horizon. This pattern
suggests that HWEOM contains an abundance of microbially derived organic matter. The
HWEOM also exhibited higher H:C ratios and a position in van Krevelen diagram closer
to carbohydrates compared to the whole soil. Nuclear Magnetic Resonance (NMR)
analyses revealed that HWEOM was higher in O-alkyl C (50-70%) than the soil from
which it was extracted (40-55%), further indicating its richness in carbohydrates, which
was also confirmed by a molecular mixing model. The soil organic matter decreased in
its O-alkyl C and carbohydrate proportion with soil depth due to decomposition and
increased in its refractory fraction, represented by alkyl C and lipids proportion. These
patterns were opposite in HWEOM, indicating an increased solubility of residual
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carbohydrate structures during the course of decomposition. The HWEOM was richer
than soil in both labile organic matter and microbial biomass, though microbial biomass
could account for no more than 40% of the extracted C.
In a short-term calcium treatment study, I found a decrease in the HWEOM content of
soils treated with high amounts of calcium (4250 kg Ca/ha), but not in low Ca (850 kg
Ca/ha) treatments, two years after the treatment. This decrease was attributed to a
decreased extractability of labile water-soluble structures represented by HWEOM, and
not due to significant changes in SOM structure, as revealed by a biodegradation study
and NMR spectroscopy. The biodegradation study showed that the HWEOM extracted
from high Ca treated plots showed no significant difference in degradation compared to
the reference plots, indicating that once extracted, the HWEOM structures are
bioavailable. NMR spectroscopy revealed no significant changes in O-alkyl structures in
calcium treated plots for the whole soil but showed a decrease in the O-alkyl C content of
HWEOM, again suggesting that only the extractability of the labile structures has been
affected. C:N ratios also were not found to differ between reference and Ca treated plots.
Phosphorous treatment, with or without extra calcium, did not bring any significant
effects on the structural composition of the soil organic matter. In the long-term (7-9
years) calcium treatment effects were only visible in the high-elevation spruce/fir/zone
and not at lower elevations.
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1. Introduction: Review of the Literature and Study Objectives
1.1 Air Pollution and the Northeastern USA
The Industrial Revolution over the past two and a half centuries has helped the United
States rise as one of the most technologically and economically powerful nations in the
world. The great American Midwest and the northeastern states have been at the forefront
of this industrialization with their plentiful supply of freshwater from the Great Lakes,
accessibility of navigable waters, local presence of abundant coal, and an available
workforce due to European settlement. While this industrialization gave rise to some of
the world’s biggest metropolitan areas, it came at an environmental cost.
For decades, automobiles have emitted a substantial amount of nitrogen oxides (NOx)
into the atmosphere, while coal burning facilities and electric utilities gave rise to
elevated atmospheric SO2 concentrations (Driscoll et al., 2001). According to NOx and
SO2 data collected in 1998, Illinois, Indiana, Ohio, Pennsylvania, and Tennessee made up
20% of total national NOx emissions, and were also among the 10 states with the highest
SO2 emissions (Driscoll et al., 2001). These emissions have deleterious effects on human
health such as lung cancer and respiratory tract damages (Kubasck and Silverman, 2002).
NOx also contributes to the formation of ozone, which is a greenhouse gas (Moore et al.,
1997), while SO2 combines with aerosol particles causing smog and decreased visibility
(Malm et al., 1994). These air pollutants do not remain only local to these areas; they are
transported downwind to New York and the New England states.
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1.2 Environmental Impacts of Acidic Deposition
Gaseous SO2 and NOx, besides causing human health issues, combine with atmospheric
moisture/precipitation to form sulfuric and nitric acids, respectively, which are then
transported to aquatic and terrestrial ecosystems. Surface waters receiving inputs of
sulfuric and nitric acids have experienced decreases in pH and acid neutralizing capacity
(Driscoll et al., 2001). While the lower pH directly affects fish populations and diversity,
inputs of strong acids to acid soils facilitate the mobilization of aluminum, which further
harms the aquatic biota (Driscoll et al., 1980). Lower pH (4-6) results in aluminum
speciation shifting to its toxic inorganic monomeric aluminum form, which has been
found in a number of lakes across the northeastern United States (Driscoll et al., 1996).
Gallagher and Baker (1990) surveyed 1469 lakes in the Adirondack for fish populations
and reported that 24% of the lakes had no fish at all. These lakes were found to have
significantly lower pH, lower calcium, lower acid neutralizing capacity, and higher
concentration of inorganic monomeric aluminum, likely affecting the fish in these water
bodies. Besides affecting fish populations through H+ and Al toxicity, acidic deposition
has also been correlated with enrichment of mercury in fish (Driscoll et al., 1991),
making human populations vulnerable to mercury ingestion through fish consumption.
Acidic precipitation also changes the biogeochemistry of the soil by mobilizing acidic
ions and affecting the base status of the soil. Acidic soils with low calcium supply are
also susceptible to aluminum mobilization, which further deteriorates the health of the
forest ecosystem through aluminum toxicity. High aluminum and low Ca/Al ratios
negatively affect the fine roots responsible for water and nutrient uptake in red spruce
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(Shortle and Smith, 1988). The transport of aluminum from soils to surface waters is
another serious problem. Normally the seepage of aluminum through the soil to
groundwater reduces its mobility. However, the shallow soil deposits in the northeastern
United States enhance flow through the upper layers of soil and thus provide minimal
acid neutralization against the transport of acidic solutes to surface waters.
Acidic inputs also affect the base saturation of the soil. Fernandez et al. (2003) conducted
a 9-year watershed-level study at Bear Brook Watershed in Maine and found that a
watershed with ammonium sulfate addition had lower exchangeable Ca and Mg in all soil
horizons. Dahlgren et al. (1990) found an increase in base cation leaching after acid
addition to soils in a controlled laboratory set-up. Many soils in the northeastern states
are characterized by shallow depth, lack of calcium in primary minerals, and slow
weathering rates (Johnson et al., 1981; April and Newton, 1985; Driscoll et al., 1991;
Eilers and Selle, 1991; Huntington et al., 2000). These geological properties contribute to
low acid neutralizing capacity, making them highly vulnerable to acid stress and marked
depletion of available soil calcium (Likens et al., 1996).
Calcium serves as a macronutrient for plants and its depletion has caused deleterious
effects on forest vegetation (Driscoll et al., 2001). For example, red spruce (Picea rubens
Sarg.) populations in the Adirondack (NY) and Green Mountains (VT) showed more than
50% dieback in canopy trees at high elevations between 1970 and 1980, while about 25%
of canopy trees in White Mountains (NH) died (Craig and Friedland, 1991; Driscoll et al.,
2001). This dieback has likely been a result of the leaching of calcium associated with
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protective membranes in the needles, reducing their cold tolerance by 3-10 °C (DeHayes
et al., 1999). The dieback of sugar maple (Acer saccharum) in western New York and
Pennsylvania has also been correlated to stress from soil acidity and soil calcium and
magnesium deficiencies along with defoliation (Horsley et al., 1999). Low soil
exchangeable calcium is associated with the two most important factors causing stress to
forested ecosystems: the molar Ca/Al ratio in soil solution being less than 1.0 and soil
base saturation being less than 15%. In soils at the Hubbard Brook Experimental Forest
(HBEF), the Ca/Al ratio at high elevations has been found to be as low as 0.40 in Bh
horizon and 0.39 in Bs horizon (Likens et al., 1996). The base saturation in these forests
has also been estimated to be approximately 10%, causing the sustainability of these
forests to be at risk (Peters et al., 2004).
1.3 Mitigation Efforts
1.3.1 Emission Reduction
A number of laws have been passed in the U.S. over the past 60 years, progressively
requiring greater emission controls from polluting industries. The first such legislation
was the Air Pollution Control Act (APCA) of 1955, which provided funding for air
pollution research (Kubasek and Silverman, 2002). In 1960, the Motor Vehicle Control
Act related NOx emissions to air pollution. The Clean Air Act (CAA) passed in 1963
encouraged development of air-quality criteria, allowing legal action against polluters
responsible for human health endangerment (Kubasek and Silverman, 2002). It also
allowed the Secretary of Health, Education, and Welfare (HEW) to investigate air
pollution across the state boundaries (Kubasek and Silverman, 2002). In 1967, the Air
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Quality Act amendments of the CAA (1963) established ten Air Quality Control Regions,
with states constituting the regions being responsible for setting and enforcing pollution
control standards (Kubasek and Silverman, 2002).
The Clean Air Act was revised significantly in 1970 with some major improvements to
the legislation. The Environmental Protection Agency established a National Ambient
Air Quality Standard (NAAQS) program, which set standards for six pollutants: sulfur
dioxide, nitrogen dioxide, particulate matter, carbon monoxide, ozone, and lead (Masters,
1998). This revision also divided the country into 247 atmospheric regions, providing
better control over emissions enforcement. This act also established New Source
Performance Standards, establishing strict emission controls for new factories or major
additions to existing plants.
While these laws provided some control over air pollution, they failed to recognize the
severity of the SO2 and NOx emissions as they relate to acid deposition. The 1990
amendments of the CAA addressed this issue by pushing stricter controls on fossil-fueled
electric power plants and to a certain extent on industries and motor vehicles. This Act
established a “cap and trade” system to regulate the maximum amount of SO2 emissions
allowed by the companies. The companies were given an allowance to stay below the
national cap for SO2 emissions. This allowance could be used, banked, or traded with
other companies. This plan was carried out in two phases. Phase I established a cap of 6.2
M tons for the years 1995-1999, while Phase II had this cap at 9.48 M tons starting in
2000 and to be gradually reduced to 8.3 M tons by 2010 (Kubasek and Silverman, 2002).
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The plan for NOx reduction was to achieve and maintain a 2 M ton emission reduction
compared to the no-change scenario. The stricter regulations enforced by the government
led to companies switching to low-sulfur coal and installing gas scrubbers. The trading of
pollution allowances has also been a success in overall emissions control. A drawback of
this system is that regional SO2 emissions may remain high, or even increase, if utilities
in that region acquire emissions credits from other regions.
This program provided the first clear achievable goals for the reduction of acid deposition
and has led to decrease in sulfate concentration in surface waters (Stoddard et al., 1999;
Stoddard et al., 2003). In order to see continued recovery of acid-sensitive ecosystems in
the next twenty years, it has been estimated that approximately 80% greater emission
controls need to be set than those established by Phase II. (Chamedies 2004; Chen and
Driscoll, 2005). NOx emissions also have to be reduced 30% beyond the Phase II cap to
help the system recover from stress due to nitrate deposition (Chen and Driscoll, 2005).
These goals, while achievable, are difficult to enforce in the current economy.
Besides these regulatory issues, surface water recovery has been slower than anticipated.
Soils in the northeastern US are continuing to acidify despite reductions in sulfate
concentration in precipitation (Warby et al., 2005). For example in 1999-2000, the sulfate
concentration for the Adirondacks and New England regions respectively decreased by
–1.47 μeq L-1yr-1 and –0.96 μeq L-1yr-1 (Stoddard et al., 2003) in precipitation, and by
–1.53 μeq L-1yr-1 in surface water, but the corresponding pH increase was very small or
insignificant. This lack of pH recovery was also associated with surprisingly large
7
decreases in Ca concentrations of these soils despite the reduction in acidic inputs in
precipitation (Warby et al, 2005).
1.3.2 External Replenishment of Calcium
In situations where natural processes are unable to supply sustainable amounts of
calcium, external calcium addition may be an important remedial alternative. A number
of studies have been carried out in Europe and North America to study the effects of
liming on forest watersheds (e.g., Huettl and Zoettl, 1993; Kreutzer, 1995; Backman and
Klemedttson, 2003; Rosenberg et al., 2003; Clough et al., 2004). Huettl and Zoettl (1993)
reported improved soil chemistry in German soils after dolomite treatment, as indicated
by decreases in soil acidity and increases in cation exchange capacity, base saturation,
exchangeable Ca content, and Ca/Al ratio.
Rosenberg et al. (2003) examined the effects of dolomite (CaMg(CO3)2) treatment on the
soil organic matter in the forest floor of Norway spruce (Picea abies Karst.) stands. They
found that this treatment led to increased fine-root production, decreased amounts of
extractable lipids, and a decrease in soil C:N ratio. A decrease in C:N ratio and increased
microbial activity after liming has also been observed by other researchers (Marschner
and Wilczynski, 1991; Badalucco et al., 1992; Smolander and Malkonen, 1994;
Belkacem and Nys, 1995; Anderson, 1998). Rodenkirchen (1998) found a stimulation of
ground vegetation after calcium treatment. Rosenberg et al. (2003) suggested that the
nutrient-rich soils after liming application may also help stimulate activity in soil fauna
such as earthworms.
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In a recent study, Kuzel et al. (2010) performed mass balances to understand the effect of
liming in acidic soils of Czech Republic and concluded that liming not only helps with
soil acidity and calcium supply to plants, but also helps adjust calcium carbonate
equilibrium in the soil solution and enhances the mineralization of soil organic matter
(SOM) by affecting its labile fractions. Rineau and Garbaye (2009) studied the effect of
liming on soil fungal (ectomycorrhyzal) communities in France and found that Ca and
Mg additions result in modifications of enzyme activity profiles and nutrient mobilization
from SOM. With a controlled pot experiment for Hungarian soils limed with CaCO3,
Filep and Szili-Kovacs (2010) found increased soil respiration and microbial biomass
carbon in the first year of their study.
These success stories lead to the belief that forest soils in the northeastern USA might
benefit from external calcium replenishment. The soils in these forests are also acidic and
acid sensitive like the European forests where liming has been successful. The Hubbard
Brook Experimental Forest in New Hampshire has been the site of one such
investigation. Hubbard Brook is well-suited for this watershed-scale experiment as it is
representative of the region and has been the site of watershed-scale studies since 1956.
1.4 Hubbard Brook Wollastonite Experiment
In October 1999, a watershed-scale study to analyze the chemical and biological
responses to calcium silicate (wollastonite) application was initiated at watershed-1(W1)
of the Hubbard Brook Experimental Forest (HBEF), NH. The HBEF was selected for this
study because it is a continuously monitored, base-poor forest with stream chemistry data
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available since 1963 (Peters et al., 2004). The amount of wollastonite (CaSiO3) required
to bring the soil base saturation levels back from the then-current 10% to the estimated
pre-acid rain value of 19% was theoretically estimated to be 850 kg Ca/ha (Peters et al.,
2004; Groffman et al., 2006). After adding a 50% safety factor to the dose accounting for
potential losses or inefficiencies in dissolution, 1316 kg Ca/ha of wollastonite was
applied by helicopter as 1.5-4 mm diameter pellets with a water-soluble binder.
Wollastonite was chosen for the W1 study over lime (CaCO3), because silicate
weathering is believed to be the principle source of calcium in HBEF soils. While not
used as extensively as lime, wollastonite is considered a good calcium supplement to
acidic soils (MacIntire et al., 1940; Veloso et al., 1992; Ramos et al., 2006). Lime has
been found to induce a stronger pH increase compared to calcium silicate (slag) in
laboratory experiments (Veloso et al., 1992). However, Ramos et al. (2006) compared
lime and calcium silicate for their effectiveness in remediating acidic soils with low
levels of exchangeable Ca and Mg, and found the calcium silicate to be more effective in
calcium supply than lime. Wollastonite has 87Sr/86Sr and Ca/Sr ratios different from
natural silicate minerals at HBEF, allowing sensitive tracing of the added material.
The response variables for the W1 study were stream chemistry, soil and soil water
chemistry, forest floor mass and chemistry, composition and structure of the forest,
phytosociology, and nutrient status of the herbaceous layer, aquatic ecology, foliar
chemistry, soil microbial activity and tree growth and vigor (Peters et al., 2004; Groffman
et al., 2006; Hawley et al., 2006; Juice et al., 2006; Cho et al., 2010).
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1.4.1 Stream and Soil Response to Wollastonite Addition
The wollastonite application produced significant changes to the treatment watershed’s
stream and soil chemistry. Within the first few weeks of the wollastonite treatment, the
average streamwater concentration of calcium increased from ~ 1 mg/L to ~ 2.6 mg/L
with a concomitant decrease in 87Sr/86Sr ratio from 0.720 to 0.718 (Peters et al., 2004).
Initially, the Ca was released faster than Si from the mineral surface, which later
equilibrated to a more stoichiometric proportion in about 6 months. The increase in
streamwater Ca was accompanied by an average decrease in Al, an increase in Si and Sr,
and no significant change in Na concentrations (Peters et al., 2004).
Peters et al. (2004) estimated that more than 98% of the wollastonite was added to the
forest floor rather than streambed. Cho et al. (2010) studied the soil and soil solution
chemistry for the wollastonite application to W1. They found significant increases in the
soil solution concentrations of Ca, H4SiO4, and acid neutralizing capacity within the first
year of the treatment, with an increase evident even during the third year of the treatment,
suggesting continued dissolution of the mineral. They also observed increases in the
effective cation exchange capacity and effective base saturation, accompanied by a
decrease in exchangeable acidity for organic soil horizons in 2000 and 2002. The
influence of wollastonite treatment was stronger for higher elevation soils. The chemistry
of mineral soil horizons either did not change or very slightly changed in the same pattern
as organic horizons. Organic horizons showed increase in the Ca/Al ratio and in soil pH
(Cho et al., 2010), indicating improved conditions for the forest vegetation and microbial
activity.
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1.4.2 Wollastonite Effects on Forest Vegetation
The added Ca also moved into tree foliage, as shown by tracer studies conducted using
strontium isotope ratios and Ca/Sr ratios (Dasch et al., 2006). These improved conditions
have already resulted in signs of healthier flora in the treated watershed (Juice et al.,
2006; Minocha et al., 2010). Juice et al. (2006) found a significant increase in foliar
calcium concentration in sugar maples for the wollastonite treated watershed. There was
also an increase in sugar maple seedling density and survivorship (Juice et al., 2006). A
significant increase in chlorophyll and decrease in foliar manganese were also observed.
Minocha et al. (2010) found an increase in foliar Ca concentration for sugar maple,
yellow birch, and American beech for mid and high elevation forests treated with
calcium. This increase was accompanied by a decrease in metabolic indicators of
physiological stress such as amino acids, arginine and γ-aminobutyric acid (GABA), and 
the diamine, putrescine.
1.4.3 Microbial Response to Wollastonite Addition
By 2002, three years after the treatment, the average pH values of Oie (Oi+Oe) and Oa
horizons, respectively, reached 4.75 and 4.18 in the treated watershed, 1.5 pH units
higher than in reference sites (Groffman et al., 2006). An increase in the pH of base-poor
forest soils has previously been shown to enhance microbial activity, increase soil
respiration, and alter microbial community populations (Ivarson, 1977; Adams et al.,
1978; Zelles et al 1978; Lohm et al., 1984; Yavitt and Newton, 1990; Illmer and
Schinner, 1991; Frostegard et al., 1993; Naele et al., 1997). While nitrogen mineralization
processes are complex, depending on the balance of N immobilization vs. mineralization
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(Simmons et al., 1996b), liming has also been shown to increase nitrification in acid-
sensitive soils (De Boer and Kowalchuk, 2001; Bäckman and Klemedttson, 2003; Clough
et al., 2004). However, the Ca-treated soils at Hubbard Brook experienced declines in the
microbial biomass C and N content, potential net and gross N mineralization rates, and
soil inorganic N pools in the Oie horizon (Groffman et al., 2006). Lysimeter and stream
data showed no significant response in nitrate concentration (Groffman et al., 2006). Soil
microbes are essential for the biogeochemical cycling of carbon, nitrogen, and numerous
plant nutrients. These microbes consume plant litter and other detrital materials present in
forested ecosystems and convert them to humic substances, microbial biomass, CO2, and
simpler inorganic molecules available to flora. This nutrient turnover governs the health
and sustainability of a forest stand (Berg and Laskowski, 2006).
This lack of a positive microbial response with the pH increase in wollastonite-treated
soils at Hubbard Brook is the puzzle motivating my PhD dissertation. To investigate the
reasons behind this unexpected response, three main hypotheses were considered. First,
the long-term acidic conditions in the HBEF soils may have adapted microbial
populations capable of thriving at lower pH. Thus the pH increase on watershed-1 may
not have “improved” the environmental conditions for these microbes, as in some
previous studies (De Boer and Kowalchuk, 2001; Chapin et al, 2003). Second, the ability
of soil microbes to respond to the increased pH may have been limited by phosphorus
availability. Such a dependence of soil microbes on phosphorus has previously been
found for tropical and warm temperate forests (Gallardo and Schlensinger, 1994;
Cleveland et al., 2002). The third hypothesis, which could also explain the absence of an
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effect of calcium addition on soil microbes, is that Ca inhibits microbial access to the
bioavailable fraction of soil organic matter by chemically binding with its labile
structures that serve as their energy source. Hobbie et al. (2002) speculated such a
behavior for finding slower rates of soil C and N cycling in nonacidic tundra than in
acidic tundra. Paul et al. (2003) studied the role of Ca in C stabilization and found that
soil C sequestration was related to soil Ca but not plant biomass. Structural changes in
soil organic matter after liming have also been observed by Rosenberg et al. (2003).
These effects of Ca addition on soil C availability could be an important link in
understanding the anomalous behavior of soil microbes during the Hubbard Brook
calcium addition experiment.
For my research, I studied the third hypothesis by analyzing the structural changes in soil
organic matter and its bioavailable fraction upon wollastonite treatment in the short- (0-2
years) and long-term (7-9 years). I used elemental ratios of carbon, nitrogen, hydrogen,
and oxygen and nuclear magnetic resonance spectroscopy to characterize the structure of
these substrates before and after the treatment.
1.5 Thesis Structure
After this introduction to the effects of calcium amendments on acidic soils, I have
organized this thesis in six chapters. The second chapter presents the general research
approach, summarizing the specific steps I took to analyze the subject. It presents the two
phases in which my dissertation research was organized. The first phase, covered in
Chapters 3 and 4, was to characterize the structure, composition, and depth-related
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variations of soil organic matter. The structural characterization of soil organic matter
(SOM) and the labile fraction: hot-water extractable organic matter (HWEOM) for
Hubbard Brook soils is presented in Chapter 3. This characterization is performed using
elemental analyses of C:N, H:C, and O:C ratios, and by 13C solid-state nuclear magnetic
resonance (NMR) spectroscopy. The structural characterization presented in the third
chapter is advanced in Chapter 4 through compositional modeling of the SOM and
HWEOM. This modeling was performed using a molecular mixing model, which
combines the information from elemental analyses and NMR spectra to provide the
fractional contributions from biomolecules such as carbohydrates, proteins, lignin, and
lipids.
The second phase of the dissertation was the study of calcium amendments to Hubbard
Brook soil, and is presented in fifth and sixth chapters. A three-year plot-scale
experiment is presented in Chapter 5 with treatments including low and high amounts of
calcium, a fixed amount of phosphorus, and calcium addition with phosphorus. The
reference and treated soils were tested for extractability of labile organic matter
(HWEOM), biodegradability of this fraction, elemental ratios of the whole soil and
HWEOM, and structural variations analyzed with NMR spectroscopy. The structural
variations of soil organic matter present at four different elevations in reference and
wollastonite-treated watersheds at Hubbard Brook is described in Chapter 6. This study
provides an opportunity to look at the long-term effects of calcium amendments. Finally,
in Chapter 7, I summarize the key findings of this dissertation and presents the ecological
significance of my work.
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2. Research Approach
In this chapter, I discuss the substrates used and detailed theory behind the experiments
employed for my dissertation research. I studied the structural chemistry of soil organic
matter and hot-water extractable organic matter from the soils at Hubbard Brook
Experimental Forest, NH. The primary method I used for structural characterization was
13C solid-state nuclear magnetic resonance spectroscopy. I supplemented this method
with other technologies such as dissolved organic carbon analysis, elemental analysis,
and biodegradation analysis. In this chapter, I elaborate on these technologies and a
molecular mixing model that I used to model biomolecular composition.
2.1 The Substrates: Soil Organic Matter and Hot-water Extractable Organic Matter
As mentioned in Chapter 1, I conducted my research with two principle objectives: first,
to characterize the structural chemistry of the soil organic matter present at the Hubbard
Brook Experimental Forest (HBEF); and second, to investigate the effects of wollastonite
treatment on the organic matter in these soils. Soil organic matter is a heterogeneous
mixture of organic substances at various stages of decomposition. It serves as an energy
source for soil microbes. The chemical distribution of its constituents depends on forest
type, soil type, co-existing minerals, microbial diversity, and external disturbances
(Kwabiah et al., 2003; Salamanca et al., 2002; Sano et al., 2006; Yanai et al., 2004). It is
therefore impossible to isolate each and every organic substance present in the soil and
assess them individually for their abundance and bioavailability. However, if we can
isolate a fraction of the soil organic matter which is highly labile and bioavailable, it may
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be possible to assess the spatial patterns in, and treatment effects on, soil organic matter
substrate quality.
I explored hot-water extractable organic matter (HWEOM) as the labile fraction of the
soil organic matter. Previous studies have found good relationships between microbial
biomass carbon and hot-water extractable organic carbon (e.g., Sparling et al., 1998).
Moreover, since hot-water extraction is a relatively cost-effective and simple procedure,
it can be used in studies involving large numbers of samples, such as soil surveys and
manipulative studies involving multiple treatments. Hot-water extraction leads to organic
matter much richer in total organic carbon than cold-water extraction and contains more
bioavailable compounds such as carbohydrates, lignin monomers and organic N
(Landgraf et al., 2005). However, it is still unclear whether the hot-water extractable
organic carbon represents bioavailable carbon, the microbial biomass carbon itself, or a
combination of the two. Analysis of the structural and compositional character of hot-
water extractable organic matter would provide insight to assess its value as an indicator
of soil quality.
2.2 Research Technologies
2.2.1 13C Solid State Nuclear Magnetic Resonance Spectroscopy
The structural characterization of soil organic matter has been performed by previous
researchers using a variety of techniques including wet chemical fractionation, elemental
analysis, pyrolysis gas chromatography, mass spectrometry, Fourier transform infrared
(FTIR) spectroscopy, and solid- and liquid-state nuclear magnetic resonance (NMR)
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spectroscopy (Preston and Ripmeester, 1982; Baldock et al., 1992; Leinweber et al.,
1995; Dai et al., 2001; Ussiri and Johnson, 2003; Leifeld, 2006; Pospisilova et al., 2006).
Among these techniques, solid-state 13C NMR spectroscopy is considered one of the most
informative methods to obtain structural information both qualitatively and
quantitatively. It is also nondestructive and provides highly reproducible results.
Nuclear magnetic resonance spectroscopy employs the absorption response of a
magnetically active nucleus (quantum spin number I≠0) to electromagnetic radiation in a 
magnetic field (Silverstein et al., 2002). The most commonly used nuclei for the
identification of organic compounds are 1H and 13C because of their ubiquitous presence
in organic species. Historically, 1H NMR had been used due to its high abundance and
sensitivity, but in the last few decades, the use of 13C NMR has become more popular
with new technological advancements such as pulsed Fourier transform instrumentation,
cross-polarization, and 1H decoupling possibilities, to name a few (Silverstein et al.,
2002; Conte et al., 2004).
13C NMR produces a frequency spectrum that can be transformed into chemical shift
values through Fourier transformation. The chemical shift reflects the shift from a zero
value of bonding energy based on molecular configuration within the compound.
Depending on how the carbon atoms are bonded with each other or with other atoms such
as O, H, S, etc., they are shifted by a certain value in the spectrum. This phenomenon
creates certain peaks (and regions) of similar bonding patterns and the area under these
peaks can then be used to quantify the structures with these bonding patterns.
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A 13C NMR measurement can be performed in either solution or solid states. Solution-
state NMR has been widely used to obtain precise information about organic structures,
such as the chemical shift position (indicative of the bonding and functional group
environment) and counts of 1°, 2°, 3°, and 4° carbon and attached hydrogen atoms.
However, the use of solution state NMR is limited in the case of soil organic matter
analysis because the extraction of organic matter from the soil results in only the
extractable fraction of the soil organic matter. The solution to this problem is to analyze
the soils directly in the solid state.
Solid-state NMR can be used to characterize the structure of soil organic matter both
qualitatively and quantitatively. It can provide us with information regarding which
functional groups are present in the sample and in what proportions. However, in order to
perform proper quantification using solid state NMR spectroscopy, some problems
associated with nuclear interactions have to be addressed and resolved. When two or
more atoms are in spatial proximity, their nuclei interact with each other. These
interactions are anisotropic in nature. The two most important interactions in the case of
solid-state NMR are dipolar coupling and chemical shift anisotropy.
2.2.1.1 Dipolar Interactions and Magic Angle Spinning
Dipolar coupling occurs when two magnetically active nuclei interact to affect each
other’s resonance frequency. These interactions can be homonuclear or heteronuclear.
However, since it is very unlikely for two 13C atoms to interact, due to the low abundance
of the 13C isotope, the only important coupling interaction for 13C NMR is the
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heteronuclear 1H-13C coupling. Chemical shift anisotropy arises from asymmetry in the
electron density surrounding the two nuclei. While these interactions average to zero in
solution-state NMR, due to fast Brownian motion of molecules, they remain significant in
solid-state analyses due to the rigid structure of the sample. Both of these interactions
lead to the broadening of peaks in solid-state NMR spectra, making it hard for us to
distinguish among chemical shifts.
Fortunately, there is one solution for both of these problems. Both dipolar decoupling and
chemical shift anisotropy are directly proportional to the term (3cos2θ-1), where θ is the 
angle between the axis of the sample rotor (which contains the sample) and the external
magnetic field. Therefore, the effects of these interactions can be nullified by rotating the
sample about an axis with the angle θ = 54.74° (cos2 54.74° = 1/3). This angle is referred
to as the “magic angle” and spinning the rotor at this angle is called magic angle spinning
(MAS). The MAS method works fairly well to provide higher spectral resolution in solid-
state 13C NMR experiments, the only condition being that the spinning rate must have a
faster frequency than frequency of dipolar interactions. When the MAS rate is smaller
than the frequency range, sidebands occur (separated by the spinning rate), causing it to
be harder to identify real signals for functional groups present in smaller proportions
(short peaks) (Kinchesh et al., 1995; Conte et al., 2004). However, the maximum
achievable spinning rate may not be high enough to exceed the dipolar frequency of
interactions with very high dipolar coupling (e.g. 1H-19F interactions). In these particular
cases, we need to look for other approaches such as sample dilution, macroscopic
sampling orientation, mobility enhancement using high viscous sample conditions,
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multiple-pulse sequences, etc (Kinchesh et al., 1995; Conte et al., 2004). In the case of
my study, these techniques were not necessary.
2.2.1.2 Cross Polarization
Dipolar interaction is not the only phenomenon that we need to consider for 13C solid-
state NMR spectrometry. Another major factor is the much lower abundance and
sensitivity of the 13C isotope as compared to 1H nuclei. Dipolar decoupling by irradiating
protons can eliminate the effect of 1H polarization. However there is another approach
which utilizes the high abundance of protons in organic compounds for our benefit. This
approach is called cross-polarization (CP), which has become a standard approach to
solid state NMR analysis of soil organic matter. It utilizes the transfer of polarization
from 1H nuclei to the 13C nuclei attached to them. CP also overcomes the problem of the
longer pulse delay required to establish thermal equilibrium caused by inefficient spin
lattice relaxation in solids due to restricted motion (Preston, 2001). This delay is
shortened in CP because the relaxation time required for 1H is much shorter than that
required for 13C nucleus. As a result, a comprehensible CPMAS 13C spectrum can be
acquired in as little as two hours for soil organic matter.
The polarization transfer in CP is achieved by locking the spins of these nuclei by
meeting the Hartmann-Hahn condition. This condition can be described as: γC BC = γH BH,
where γ and B represent the magnetogyric ratio and the magnetic flux density, 
respectively for the 13C and 1H nuclei shown by the subscripts. Since γH/γC ≈ 4, BC is
enhanced by a factor of 4 as compared to direct polarization of 13C nuclei. In the cross
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polarization set up, a 90° pulse is applied on 1H nuclei shifting the B1H by 90° on the x-y
plane and a condition known as “spin lock” is attained. Next, spin lock for 13C is
performed in the same axis as the 1H spin lock. During this spin lock period, which is
referred as the contact time, the polarization transfer takes place between 1H and 13C. The
spin lock field on 13C is turned off and the NMR signal is acquired while the 1H is
decoupled, keeping its field turned on. This duration is referred as acquisition time.
Finally, the nuclei are allowed to relax during the relaxation time. The whole process is
repeated for a large number of “scans”.
2.2.1.3 Limitations of CPMAS and Introduction to Dipolar Dephasing
When cross polarization is performed while spinning the sample at the magic-angle, the
NMR experiment is referred as a CPMAS NMR experiment. The drawback of the
CPMAS experiment is that the signal intensity observed in the spectrum may not depend
solely on the concentration of the species responsible for the signal if all the carbon
atoms are not saturated with hydrogen. In other words, we may not be able to detect
signals for carbons with no hydrogen bonds attached to them because there will be no
polarization transfer from 1H nuclei. In the case of organic compounds with fewer
protons, if the intra-molecular interaction between 13C and 1H are not significant, the
inter-molecular interactions may become significant to provide some signal (Alemany et
al., 1983). To address these issues, another approach, referred as dipolar dephasing (DD)
is used. The DD method incorporates a short delay between cross-polarization and signal
acquisition without decoupling (Preston, 2001). This “dephasing delay” allows for rapid
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signal loss of carbons bonded to hydrogen and thus the obtained signal shows the
structures that have few or no attached ‘H nuclei’.
2.2.1.4 Structural Characterization using CPMAS Spectra
Quantification of NMR spectra for soil organic matter can be achieved by dividing the
13C CPMAS NMR spectrum into regions corresponding to organic structures resonating
at certain frequencies and integrating the area under the spectra within those regions to
obtain their proportions in the compound. This approach involves determination of the
broad functional group categories: alkyl C, O-alkyl C, aryl C, O-aryl C, carbonyl C
(Baldock and Smernik, 2002). These spectral regions are presented in Figure 2.1.
Figure 2.1: Solid-state 13C cross polarization and magic-angle spinning 13C nuclear
magnetic resonance spectra of an Oa horizon soil from a hardwood site.
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The signal intensities associated with these functional groups can be interpreted as
indicators of organic biomolecules such as carbohydrates, proteins, lignins, and lipids.
For example, alkyl C can represent contributions from lipids, O-alkyl and di-O-alkyl C
from carbohydrates, aryl and O-aryl C from lignins. The area under these regions can
then be integrated to obtain the percentage distribution of these functional groups (Table
2.1). Some of the peaks can be combined based on the similarity of molecular
components they represent. For example, the spectra in regions 45-60 ppm, 60-95 ppm,
and 95-110 ppm represent contributions from functional groups methoxyl, O-alkyl, and
di-O-alkyl C, respectively (Table 2.1). These regions all contain contributions from C
atoms in alkyl structures bonded to oxygen, and thus can be combined into one O-alkyl C
region containing spectral intensities in the region 45-110 ppm.
Table 2.1: Solid-state 13C nuclear magnetic resonance spectral distribution of functional
groups for a soil sample (Rosenberg et al., 2003; Johnson et al., 2005)
Chemical
Shift
Region
(ppm)
Chemical
Assignment
Chemical
Assignment
(Combined)
Example
values for a
soil sample
(%)
Molecular
Component
0 - 45 Alkyl Alkyl 29.7 Lipids, resins, waxes
45 - 60 N-Alkyl/Methoxyl
O-Alkyl 51.3 Carbohydrates60 - 95 O-Alkyl
95 - 110 Di-O-Alkyl
110 - 145 Aryl Aryl 10.6 Aromatic C-H and C-C (lignin)
145 - 165 O-Aryl O-Aryl 3.4 Aromatic COR (lignin, tannin)
165 - 215 Carbonyl Carbonyl 5.0
Carboxyl, amide (protein, lignin,
carbohydrate)
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2.2.2 Elemental Analyses
An analysis of the elemental ratios C:N, H:C, and O:C can also provide important
insights on the structural biochemistry of soil organic matter. C:N ratios are much lower
(~5-6) for microbial biomass than for leaf litter (~40-60) (Bohlen et al., 2001), and an
analysis of these ratios can therefore provide the relative percentage value of microbially
derived carbon in the organic matter.
The H:C and O:C ratios can reveal the presence of more alkylated compounds (higher
H:C) or more carboxylated compounds (higher O:C). For example aliphatic structures
such as lipids would normally have a higher H:C content compared to aromatic or
unsaturated structures found in lignins. The O:C ratio would be higher with the presence
of oxygenated structures such as carboxyl structures in carbohydrates compared to
components devoid of oxygen (e.g. lipids and waxes).
An analysis of H:C and O:C ratios can further be evaluated using a van Krevelen
diagram, in which we plot these two ratios against each other for the compound under
investigation and compare it to model compounds. The van Krevelen diagram has
historically been used for investigating structures and qualities for coals and fuels (van
Krevelen, 1950). However, now it is increasingly used to visualize the presence of certain
molecular components in the organic matter samples depending on where the samples fall
in the plot with respect to the model compounds (Sleighter and Hatcher, 2008).
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2.2.3 Molecular Mixing Model
The information from NMR spectroscopy and elemental analyses can be combined to
model the biomolecular composition of soil organic matter. A model of this sort has been
developed and used by Baldock and co-workers to study natural organic matter of marine
as well as terrestrial origin (Hedges et al., 2002; Baldock et al., 2004; Nelson and
Baldock, 2005; Dickens et al., 2006; Kaal et al., 2007).
The molecular mixing model divides organic matter into six principle biomolecular
sources: carbohydrates, proteins, lignins, lipids, carbonyl, and char. Each of these sources
has a unique spectral distribution, taken from the literature, as well as a reference
elemental composition. The model estimates the fractions of the biomolecular sources in
the sample by deconvolution of the sample NMR spectrum. The molecular mixing model
can be further constrained by the sample C:N ratio to improve the accuracy of the
modeling approach. Another way to increase the accuracy of the model prediction is by
making reasonable assumptions to exclude one or more of the components. For example,
organic matter derived from marine sources is not expected to have lignin present in its
structure, and thus lignin can be excluded from the model when applied to marine organic
matter (Baldock et al., 2004).
2.2.4 Biodegradation Analysis
To supplement my structural predictions and compositional analyses, I conducted a
biodegradability investigation of hot-water extractable organic matter. Biodegradability is
different from bioavailability. Bioavailabile organic matter is that fraction of the soil
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organic matter that is potentially utilizable by soil organisms, while biodegradable
organic matter is the amount of organic matter that is actually consumed by soil
organisms in a controlled experiment. Organic matter that is biodegradable may not be
available to microbes due to physical restrictions such as inaccessibility due to small pore
size or chemical restrictions such as sorption to solid surfaces (Marschner and Kalbitz,
2003).
Biodegradability of organic compounds can be further categorized based on two
processes: degradation of the compounds, resulting in biosynthesis of microbial cells
(assimilation); and complete mineralization of the material to produce energy and
nutrients (Marschner and Kalbitz, 2003). Assimilation is generally believed to account
for a very small proportion of total biodegradation in the case of soil microbes, and thus
the utilization of organic compounds to produce energy and nutrients is generally what is
quantified in biodegradability assessments.
The main variables in biodegradation studies include the incubation method, the
incubation time, initial DOC concentration, shaking, nutrient additions, type and amount
of inoculum, temperature, the method used to quantify of biodegradation (change in DOC
or TOC vs. CO2 release), and frequency of measurement (Marschner and Kalbitz, 2003).
For soils, differences in the aforementioned variables among studies can make it difficult
to compare data.
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All of the experimental factors mentioned above can potentially alter the results of a
biodegradation experiment: shaking can disrupt fungal development, nutrients can
enhance microbial growth, and ionic strength can increase precipitation and coagulation.
However, the two most important parameters for biodegradation among all these
variables are the duration of the incubation and measurement method (Marschner and
Kalbitz, 2003). The duration is an important factor because soil organic matter consists of
a mixture of compounds with various rates of biodegradation. Some compounds, such as
simple carbohydrates, low-molecular organic acids, amino acids, and proteins are the
most labile fractions and are degraded rapidly. This rapid biodegradation is followed by
the degradation of relatively complex polysaccharides and highly recalcitrant structures
such as lignins, lipids, waxes, and resins, which require some special enzymes for their
breakdown. Short-duration experiments will detect only the biodegradation of the most
rapidly decomposed compounds, whereas very long incubations will include
decomposition of more recalcitrant fractions.
The measurement method used to quantify biodegradation is also very important. In an
incubation experiment, biodegradability can be quantified by measuring either the
decrease in the amount of soluble organic matter due to utilization by the microbes, or by
measuring the increase in CO2 in a confined atmosphere due to respiration by microbes
(Boyer and Groffman, 1996; Vazquez-Rodriguez et al., 2008). Williams and Gray (1974)
reported that the initial phase of litter decomposition is strongly related to the quantity of
soluble organics (DOM) in the litter. Marschner and Noble (2000) found a strong relation
between CO2 release from soil supplemented with plant litter and the disappearance of
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DOC. Strotmann et al. (1995) explored a method for biodegradability determination by
combining the DOC removal and CO2 production tests to increase the reliability of the
final results, and found that the extent of CO2 production was approximately 27% lower
than the extent of DOC removal for the two chemicals investigated: aniline and
diethylene glycol. This difference may be due to the fact that dissolution of CO2 into soil
water causes an underestimation of CO2 released to headspace air.
I decided to perform my biodegradability assessment by monitoring the change in
solution DOC concentration during incubation of the hot-water extractable organic
matter. When biodegradation is measured as the change in solution concentration of
organic carbon over time, there are two scenarios to consider. First, if the solution is
filtered through 0.45-µm filters, and thus the change in ‘dissolved’ organic carbon (DOC)
is analyzed, the biodegradation may be over-reported, as any organic matter assimilated
in the microbial cells will not pass through the filter. On the other hand, if the solution is
not filtered, and the change in total organic carbon (TOC) is measured, the organic
carbon assimilated in microbial biomass will not be considered while accounting for the
biodegraded fraction. Søndergaard et al. (2000) quantified these two measurements for
the same samples in order to report their relative importance, and found that microbial
biomass was only about 10 % of the TOC and thus the error caused by assimilation was
relatively small.
To design my biodegradation analyses, I first performed a pilot study on moist Hubbard
Brook soils to determine if there was a need for external microbial inoculation. I
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conducted this pilot study on HWEOM extracted from reference and high-calcium plot
soil samples using 10 g of Oie horizon soil (or 30 g of Oa horizon soil), and 150 ml
deionized water, and analyzed samples weekly for DOC for three months. The extraction
procedure is detailed in Chapter 3. I also added NH4Cl to some samples to examine
whether nutrient addition was needed to stimulate microbial activity. My pilot study
suggested that neither microbial inoculation nor nutrient addition were required to
stimulate microbial activity in the reference or treated samples (Figure 2.2). Therefore, to
reduce the additional variables that might complicate the analysis and interpretation, I did
not inoculate or add nutrients to the samples analyzed in the further biodegradation
studies. The pilot study also revealed that maximum biodegradation was reached within
three weeks, so for my study samples, I chose to limit the duration of the biodegradation
experiment to 6 weeks.
Figure 2.2: Results of a pilot study of biodegradation of hot-water extractable organic
matter from Hubbard Brook soils (Inoc = inoculation, Nutr = nutrient addition).
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3. Molecular-Scale Evaluation of Soil Organic Matter and Hot-
Water Extractable Organic Matter Structures in Forest Floor
Soils
3.1 Introduction
Soil organic matter is generally composed of humic and non-humic substances, which
represent highly-transformed unidentifiable and less-decomposed identifiable organic
materials, respectively (Stevenson, 1994). The chemical structure and distribution of
these substances depend on a number of factors including litter type, soil formation and
age, co-existing minerals, microbial diversity, and external disturbances (Salamanca et
al., 2002; Kwabiah et al., 2003; Yanai et al., 2004; Sano et al., 2006). These factors
produce SOM with a highly complex heterogeneous composition, making it difficult to
identify a general structure. However, the isolation and structural characterization of its
most labile fractions can help us achieve the specific goal of assessing its bioavailability.
Hot-water extractable organic matter (HWEOM) has been found to have a significant
positive, linear correlation with microbial biomass C (Sparling et al., 1998) and
bioavailable organic matter (Ghani et al., 2003; Chen et al., 2004). Jandl and Sollins
(1997) found that the forest floor contains considerable amounts of biodegradable carbon
and therefore that the water-extractable organic carbon present in organic horizons can be
used to model soil microbial activity. Leinweber et al. (1995) characterized the HWEOM
Note: The contents of this chapter have been published, in slightly different form, in the Soil
Science Society of America Journal, vol. 73, pp 812-821, 2009.
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composition for an arable soil in Germany using NMR spectroscopy and pyrolysis-field
ionization mass spectrometry, and found that it was largely composed of carbohydrates
and N-containing compounds. Landgraf et al. (2006) conducted pyrolysis-field ionization
mass spectrometry and elemental analyses on HWEOM present in German forest soils
and confirmed the presence of easily-available carbohydrates, phenols, lignin monomers,
and N-containing compounds. Despite multiple indications of a strong relationship
between HWEOM and microbial activity, there is very little general information and no
spectroscopic data available about the chemical structure of HWEOM present in forest
soils of the northeastern USA.
In this study, I characterized the chemical composition of HWEOM present in different
organic horizons of forest soils using elemental analyses and solid-state 13C NMR
spectroscopy. These forest soils were obtained from hardwood and conifer stands at the
Hubbard Brook Experimental Forest (HBEF) in New Hampshire. A concurrent
investigation of the whole soils from which the HWEOM was extracted was used to
assess the components of SOM that are selectively extracted by the hot water. I
hypothesized that HWEOM is a bioavailable fraction of SOM, and therefore: (i)
HWEOM concentration would decrease with depth within the forest floor; (ii) HWEOM
composition would be approximately constant within the forest floor; and (iii) HWEOM
composition would differ from the soil from which it was extracted, exhibiting elemental
and spectral properties consistent with its bioavailable nature.
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3.2 Materials and Methods
3.2.1 Site Description and Soils
The HBEF is a second-growth forest, with an average age of approximately 85 years at
the time of sampling (June-July 2003). The major tree species in the experimental area
include sugar maple (Acer saccharum), American beech (Fagus grandifolia), and yellow
birch (Betula alleghaniensis) at lower elevation, and red spruce (Picea rubens), balsam
fir (Abies balsamea), and white birch (Betula papyrifera var. cordifolia) at higher
elevation. The soils are mostly well-drained, acidic Spodosols (Haplorthods) formed from
glacial till, and have an average pH of 3.4 to 4.0 in the surface organic horizons (Johnson
et al., 1991). This low pH in organic horizons is believed to be due to the acidic character
of soil organic matter coupled with a long-term inputs of acid rain in these forest stands.
Watershed 1 at the HBEF was treated with 4.6 Mg ha-1 of calcium silicate in October
1999 to investigate the chemical and biological effects of calcium addition to HBEF soils
(Cho et al., 2010).
One high-elevation (conifer-dominated) and one low-elevation (hardwood-dominated)
site were selected in each of two existing experimental areas, near watershed 6
(reference), and within watershed 1. The organic horizons at the HBEF include a largely
undecomposed litter layer (Oi horizon), a partially decomposed, fibrous layer with a
pronounced root mat (Oe horizon), and a highly decomposed humic layer (Oa horizon).
At each of the four sampling sites, I collected one sample from the Oi horizon and one
from the Oe horizon. The Oa horizon was sampled in 1-cm increments to 5 cm depth,
which at each site was within 1 cm of the organic-mineral boundary. The soil samples
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were stored in sealed plastic bags in a cold room maintained below 5 °C to preserve the
original moisture.
3.2.2 HWEOM Extraction and DOC Analysis
Moist soil subsamples were dried at 80 °C to constant weight to determine the moisture
content. These dried subsamples were then ground and stored for elemental and nuclear
magnetic resonance (NMR) spectroscopic analyses. Hot-water extraction of organic
matter was performed on field-moist samples by slightly modifying the method
developed by Sparling et al. (1998). I added 150 mL of deionized water to acid-washed
Nalgene® high-density polyethylene bottles containing 10 g or 30 g (dry equivalent) of
Oi or Oe/Oa horizon soil, respectively. The bottles were shaken for 30 minutes using a
wrist-action shaker and incubated for 18 hours in a water bath maintained at 70 °C. The
extracts were centrifuged at 3500 rpm for 20 minutes and filtered through glass fiber
prefilters followed by 0.45-µm mixed cellulose ester membrane filters. A subsample of
the filtrate was collected for dissolved organic carbon (DOC) analysis and the remaining
solution was freeze-dried to recover and store the HWEOM in a solid form for elemental
and NMR analyses. DOC analysis for the filtrate subsamples was performed within 7
days of extraction using persulfate-ultraviolet oxidation and CO2 detection.
Blank deionized water samples were also processed to investigate organic matter release
or retention by the HDPE bottles and/or the filters. The blank pre-filtration and post-
filtration DOC mean (± standard error) values were 0.50 ± 0.017 mgC L-1 and 0.55 ±
0.035 mgC L-1, respectively. These values were insignificant compared to the mean
34
HWEOC value of 882 ± 53 mgC L-1 and the minimum individual value of 481 mgC L-1.
Moreover, filtration resulted in an average increase in DOC of only 0.05 mgC L-1
(0.0057% of the mean HWEOC value). I therefore assumed that the total organic matter
release from the bottles and filters was negligible.
3.2.3 Elemental Analysis
Elemental analysis of soils and isolated HWEOM samples was conducted for C, H, and N
by dry combustion, followed by gas chromatography, using a Carlo Erba EA1108
elemental analyzer. In order to determine the ash content, whole soil and HWEOM
samples were combusted overnight in a muffle furnace maintained at 500 °C. The
HWEOM samples were also analyzed for sulfur content with the elemental analyzer. The
sulfur content of the whole soil was taken from Mitchell et al. (1989), who analyzed the
amounts of sulfur in Oi + Oe and Oa horizons of soils at Hubbard Brook. Oxygen content
was determined by subtracting the C, H, N, and S amounts from total ash-free mass.
Although this method of oxygen determination provides values that are very similar to
directly determined O content (due to less than 1% P in humic substances: Thurman and
Malcolm, 1981; Malcolm and MacCarthy, 1986), it should be noted that the oxygen
content estimated by difference carries the sum of errors of the C, H, N, S, and loss-on-
ignition values (Huffman and Stuber, 1985; Rice and MacCarthy, 1990).
I explored the elemental ratios by creating a scatterplot of O:C vs. H:C ratios, known as a
van Krevelen diagram (Figure 3.1). This diagram can be used to compare the elemental
composition of whole soil and HWEOM to model compounds–biopolymers generally
35
present in soils such as carbohydrates, proteins, lignins, lipids, chitin, and humic and
fulvic acids. The elemental ratio for carbohydrate (C:O:H = 1:0.833:1.667) is based on
the structure of glucose with a water molecule subtracted to account for polymerization
(Baldock et al., 2004). The elemental ratio of soil protein (C:O:H = 1:0.155:1.101) was
calculated by taking a weighted average of the molar elemental ratios of amino acids in
soil, as presented by Friedel and Scheller (2002), and subtracting a water molecule from
each amino acid to account for polymerization (Baldock et al., 2004). The wood protein
elemental ratio (C:O:H = 1:0.287:1.713) was taken from Baldock and Smernik (2002),
which is a theoretical calculation based on the amino acid distribution in Pinus sylvestris
trees and the elemental ratios of constituent amino acids (Nordin et al., 2001). Lignin
elemental ratios (C:O:H = 1:0.429:1.238) were calculated assuming an equal mixture of
syringyl and guaiacyl structural units joined together by  β(O-4) linkages (Baldock et al., 
2004). The elemental ratio for the lipid fraction (C:O:H = 1:0.235:1.941) was estimated
based on cutin composition as an equal mixture of 10,16-dihydroxyhexadecanoic and
9,10,18-trihydroxyoctadecanoic acids (Goni and Hedges, 1990). Elemental ratios for
chitin (poly N-acetyl D-glucosamine) were estimated from its formula (C18H30O12N2)n
provided by Frankel and Kelly (1902) (C:O:H = 1:0.667:1.667). Elemental ratios for
humic acid (C:O:H = 1:0.45:0.97), fulvic acid (C:O:H = 1:0.65:1.04), and soil
polysaccharides (C:O:H = 1:0.94:1.88) are averages from Oa horizons of a similar site
(watershed 5) at Hubbard Brook (Ussiri, 2003; Ussiri and Johnson, 2003). Before
comparing these model compounds to my data, it must be noted that the biopolymers
may vary in composition depending on their substructures. Therefore, the values
presented in the van Krevelen diagram should not be considered precise or absolute
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values. Instead, they should be used qualitatively to indicate possible structures of SOM
and HWEOM based on location of the data points in the plot.
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Figure 3.1: A van Krevelen diagram presenting a comparison of H:C and O:C ratios
between whole soil and hot-water-extractable organic matter (HWEOM) and selected
model compounds. Positions of model compounds are likely to vary and should not be
taken as exact values.
3.2.4 Nuclear Magnetic Resonance Spectroscopy
Solid-state 13C NMR experiments were performed with cross polarization and magic-
angle spinning (CPMAS) using a Bruker AVANCE 300 spectrometer operating at 75
MHz for 13C on all 28 of the oven-dried whole soil samples, and 27 of the freeze-dried
HWEOM samples. The HWEOM from the 2-3 cm Oa-horizon sample of the reference
hardwood site was lost during freeze-drying. The CPMAS experiments were conducted
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using a 1 ms contact time, 3 s recycle delay, 17.5 ms acquisition time, and 7000 Hz
spinning speed using 7-mm zirconia rotors with Kel-F caps. The spectra were analyzed
using Gaussian line broadening at 50 Hz. No corrections or adjustments were made to
account for spinning sidebands, which in any event were small or imperceptible in my
spectra. Dipolar dephasing (DD) experiments were also conducted for 3 whole soil and 3
corresponding HWEOM samples for detailed qualitative interpretation. Using the pulse
sequence of Harbison et al. (1985), I inserted a 45 μs dephasing delay after cross 
polarization and a 10.4 μs refocusing pulse (180°) centered at 143 μs after cross 
polarization. During the dephasing period, the signal from directly protonated C atoms
and C in rigid structures is rapidly attenuated (Keeler et al., 2006). Smernik and Oades
(2001) showed that a dephasing delay of 45 μs was sufficient to eliminate the signal from 
most non-methyl protonated C structures in a variety of soils. Signals for methyl C were
reduced by about 50%, while signals for non-protonated C were only reduced by 10-25%.
Although CPMAS is a very efficient tool to increase the NMR signal-to-noise ratio, it can
underestimate the functional groups which do not have hydrogen directly bonded to a
carbon, such as many aromatic and carboxyl groups (Kinchesh et al., 1995). Therefore,
the spectra in this study likely underestimate these fractions and overestimate other forms
of C. However, since this experimental bias exists in all of these analyses, the
comparisons we made between whole soils and HWEOM and among samples collected
at different depths likely reflect real differences in composition.
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3.3 Results
3.3.1 HWEOM Concentration and Recovery
For both the hot-water extractable organic matter (HWEOM) and the whole soil, I found
no significant differences in the HWEOM yield (i.e., DOC concentration), elemental
ratios, or NMR properties between hardwood and conifer forest stands or between
reference and Ca-treated plots in each stand. This is not surprising, given the small
sample size for this study. Therefore, these data were pooled together (N = 4 sites, treated
as replicates) to obtain the mean values and standard errors presented in Tables 3.1 and
3.2. The effects of Ca-treatment and elevation effects on soil and HWEOM composition
are discussed later in this dissertation.
The concentration of hot-water extractable organic carbon (HWEOC), computed using
the measured DOC concentrations, is presented in Table 3.1. The HWEOC was less than
4% of total soil organic carbon for all of the horizons in the forest floor. This small
percentage is similar to the 0.2-2.25 % observed by Sparling et al. (1998) for a large
number of sites in New Zealand. For my results, the extracted amount was significantly
smaller (P ≤ 0.05) for the Oe and the Oa horizons than the Oi horizon. The freeze-dry 
recovery was calculated using the mass of HWEOM isolated and the C concentration of
the HWEOM. The recovery was approximately 100% for all horizons, suggesting that
little or no HWEOM was lost during freeze-drying.
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Table 3.1: Yield from hot-water extractions of O horizon soils from the Hubbard Brook
Experimental Forest, NH. (Mean ± Standard error, N =4).
Horizon Soil C HWEOC† HWEOC†
Freeze-dry
recovery‡
----------g C kg-1 soil---------- -% of soil C- ----%----
Oi 503 ± 12 16.7 ± 2.8 3.39 99
Oe 494 ± 12 5.2 ± 0.2 1.06 105
Oa (0-1 cm) 475 ± 25 5.2 ± 0.6 1.14 106
Oa (1-2 cm) 438 ± 30 4.2 ± 0.3 0.97 116
Oa (2-3 cm) 402 ± 38 3.8 ± 0.5 0.95 102
Oa (3-4 cm) 387 ± 46 3.8 ± 0.8 0.98 106
Oa (4-5 cm) 329 ± 40 3.1 ± 0.6 0.93 104
† HWEOC, Hot-water extractable organic carbon
‡ Recovery is the percentage of HWEOC isolated in the freeze-drying process
3.3.2 Elemental Analysis
The molar ratios C:N, H:C, and O:C provide insight on the structure of organic matter.
The C:N ratios for the whole soil closely resemble those reported by Bohlen et al. (2001),
who found C:N ratios of 21.3 (± 0.7) for Oe horizons and 20.3 (± 0.9) for Oa horizons at
Hubbard Brook. Landgraf et al. (2006) obtained HWEOM by boiling the soils, and found
C:N ratios of 13.6, 13.6, and 15.8 for Oi, Oe, and Oa horizons, respectively, for beech
(hardwood) stands in SE Germany. These ratios are similar to my results (Table 3.2)
except for the Oi horizon, which could be different due to different degrees of initial litter
decomposition and/or different sampling/extraction methods. For my results, the C:N
ratios are significantly higher (P ≤ 0.05) for the litter-dominated Oi horizon than the 
partially decomposed Oe and highly decomposed Oa horizons for both the whole soil and
the HWEOM, showing the preferential loss of carbon in the deeper, more humified
horizons. The C:N ratios for HWEOM are generally 30-40% lower than the
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corresponding whole soils (P ≤ 0.05), indicating nitrogen enrichment in the HWEOM 
fraction. In the Oe and Oa horizons, the C:N ratios for HWEOM were about 14, whereas
for the whole soils, they were 20-23 (Table 3.2). The molar C:N ratios reported for
microbial biomass in Oe and Oa horizons at Hubbard Brook are 5.61 and 5.41,
respectively, while those for leaf litter range between 40 to 60 (Bohlen et al., 2001). The
lower C:N ratio in the HWEOM compared to the soil suggests that hot water may extract
microbial biomass-rich organic matter.
Table 3.2: Elemental ratios (molar) for whole soil and hot-water extractable organic
matter within the forest floor (Mean ± Standard error, N =4).
Whole soil
Hot-water extractable organic
matter
Horizon C:N H:C O:C C:N H:C O:C
Oi
27.2 ±
1.72
1.3 ±
0.80
0.53 ±
0.01
19.1 ±
0.8
1.6 ±
0.14
0.65 ±
0.01
Oe
22.8 ±
1.60
1.3 ±
0.04
0.51 ±
0.01
14.8 ±
1.03
1.7 ±
0.14
0.68 ±
0.02
Oa
(0-1 cm)
22.6 ±
2.17
1.2 ±
0.06
0.49 ±
0.02
14.6 ±
0.96
1.5 ±
0.05
0.64 ±
0.04
Oa
(1-2 cm)
21.0 ±
1.81
1.3 ±
0.03
0.54 ±
0.01
13.5 ±
1.49
1.6 ±
0.09
0.69 ±
0.01
Oa
(2-3 cm)
20.8 ±
1.60
1.4 ±
0.02
0.49 ±
0.01
14.2 ±
0.82
1.6 ±
0.05
0.71 ±
0.02
Oa
(3-4 cm)
20.8 ±
1.31
1.4 ±
0.02
0.50 ±
0.02
14.2 ±
0.56
1.6 ±
0.10
0.73 ±
0.03
Oa
(4-5 cm)
21.0 ±
0.90
1.4 ±
0.04
0.51 ±
0.02
14.8 ±
0.30
1.6 ±
0.08
0.70 ±
0.01
The H:C and O:C ratios do not vary significantly with soil depth, but are both
significantly higher for the HWEOM than the whole soil (P ≤ 0.05; Table 3.2). Figure 3.1 
presents the positions of HWEOM and whole soil samples on a van Krevelen diagram,
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plotted to compare their H:C and O:C ratios with model compound/biopolymers likely
present in soil (van Krevelen, 1950). The whole soil and the HWEOM occupy distinct
positions in the plot, indicating different elemental composition (Figure 3.1). The
elemental composition of whole soil falls in the region near lignin, whereas the HWEOM
composition falls away from this region generally towards carbohydrate. Chitin also lies
close to the composition of the HWEOM samples. The lipid elemental composition is
farthest from both the whole soil and the HWEOM. The whole soil and the HWEOM
both have higher O:C ratios than wood and soil proteins, but their H:C ratios lie between
these ratios of the proteins. It is also clear from the van Krevelen diagram that HWEOM
has a significantly different composition than both humic and fulvic acids. While these
acids appear to have lower carbohydrate content than the whole soil, HWEOM likely
contains more labile carbohydrate rich fraction of the soil. Some HWEOM data points
show exceptionally high H:C ratios and lie away from the main cluster. These high H:C
data points are from coniferous plots, indicating that HWEOM extracted from conifer
plots may be somewhat more aliphatic than hardwood soils.
3.3.3 NMR Analysis
Typical CPMAS NMR spectra of HWEOM and the soil from which it was extracted are
presented in Figure 3.2. The ranges of chemical shift values corresponding to the
functional groups considered for my analysis, and the important peaks in the spectra of
the whole soil and HWEOM, are also shown in Figure 3.2. These chemical shift
assignments are based on those of Baldock and Smernik (2002) and the individual peaks
were assigned to functional groups according to Skjemstad et al. (1997). I combined the
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methoxyl (45-60 ppm), O-alkyl (60-94 ppm), and di-O-alkyl (94-110 ppm) regions into
one O-alkyl C region. This region is indicative of carbohydrates since it is dominated by
peaks corresponding to O-alkyl and di-O-alkyl C (Figure 3.2). This region also contains
an N-alkyl signal near ~ 55 ppm, which is further clarified using the dipolar dephasing
spectra (Figure 3.3). Other major resonance regions include alkyl C (0-45 ppm), aryl C
(110-144 ppm), O-aryl C (144-165 ppm), and carbonyl (+ amide) C (165-190 ppm).
Similar spectral features were observed by Ussiri and Johnson (2003) for whole soils
collected from watershed 5 at the Hubbard Brook Experimental Forest, NH and by
Leinweber et al. (1995) for HWEOM obtained from agricultural soils in Germany.
The alkyl C content of the whole soil is much larger than that of the organic matter
fraction extracted using hot water (Figures 3.2 and 3.3). The whole-soil spectrum shows
two distinct peaks at 30 ppm and at 33 ppm, representing mobile and rigid methylene
structures, respectively. In contrast, the HWEOM spectrum contains a smaller, broader
signal in the alkyl C range, including a significant contribution in the 20-25 ppm range. A
broad peak at 20 ppm can represent the acetyl methyl C in hemicellulose, which
resonates at 21 ppm (Preston et al., 1990), or terminal methyl groups of alkyl chains
(Keeler et al., 2006). Dipolar dephasing (DD) can help clarify mobil/rigid alkyl C in the
whole soil spectrum and the broad peak at 20 ppm in the HWEOM spectra. Figure 3.3
presents CPMAS and DD spectra of whole soil and HWEOM for the Oa horizon (depth
2-3 cm) in a conifer site in watershed 1 at Hubbard Brook. The whole-soil DD spectrum
(Figure 3.3d) includes a large peak at 30 ppm and only a shoulder at 33 ppm, confirming
that the 33 ppm peak in the CPMAS spectrum was the result of rigid methylene
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structures and indicating that the whole soil contains a large number of mobile methylene
structures (Figures 3.3c and 3.3d). Both the 30 and 33 ppm peaks are virtually missing
from the DD spectra of HWEOM samples (e.g., Figure 3.3b); instead, the alkyl C region
is dominated by peaks at 21 and 24 ppm, suggesting that HWEOM may contain a
significant amount of hemicellulose and/or terminal methyl groups. A high content of
terminal -CH3 groups suggests the predominance of short-chain structures or highly
branched chains, compared to the whole soil.
The O-CH3 (methoxyl) and -CH2-OH peaks at 56 and 63 ppm, respectively, are generally
blended into the large O-alkyl peaks for both the whole soil and the HWEOM, with peaks
only clearly visible in the whole soil spectrum (Figure 3.2). This region also includes N-
alkyl C near 55 ppm, which can be distinguished from the methoxyl peak using DD
spectra (Figure 3.3) since the broad N-alkyl C signal is suppressed in the dipolar
dephasing while methoxyl is retained (Preston, 2001). There is a substantial peak at 55
ppm in the whole soil DD spectrum (Figure 3.3d), whereas this peak is missing in the DD
spectrum of HWEOM (Figure 3.3b) showing the absence of methoxyl groups in its
structure. Since the 55 ppm peak can also be due to C2 of chitin (Heux et al., 2000), its
absence suggests that chitin may not be a significant constituent of hot-water extractable
organic matter.
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Figure 3.2: Solid-state cross polarization and magic-angle spinning 13C nuclear magnetic
resonance spectra of the whole soil and the hot-water-extractable organic matter (OM) for
a horizon soil (0–1-cm depth) from the control hardwood site. The whole soil shows a
more pronounced intensity of alkyl, aryl, and O-aryl groups than the HWEOM.
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All of the CPMAS spectra contain a clear, broad peak centered at 72 ppm, indicating an
abundance of carbohydrate structures in the whole soil and HWEOM (Figures 3.2-3.4).
These peaks should be eliminated during dipolar dephasing (Smernik and Oades, 2001;
Keeler et al., 2006). Their persistence in my DD spectra (Figures 3.3b and 3.3d) suggests
that the dephasing delay of 45 μs was not long enough to completely attenuate these 
signals.
The CPMAS spectra of the whole soil and the HWEOM have clear peaks at 105 ppm,
corresponding to anomeric C in carbohydrates, C2 and C6 of syringyl lignin structures, or
both (Figure 3.2). This peak, along with the DD spectra can help identify a presence or
absence of tannins. In the presence of tannins, the DD spectrum exhibits a characteristic
broad peak at 105 ppm along with split peaks at 144-145 and 154-155 ppm (Preston,
2001). While there was a prominent 105 ppm peak in the DD spectra of my whole soil
samples, and a less-pronounced peak in my HWEOM spectra, there was no split peak at
145/155 ppm, excluding an abundance of condensed tannins in my samples.
The aryl and O-aryl peaks in Figures 3.2-3.4 are visibly larger in the whole soil than in
the HWEOM spectra. Together, the methoxyl signal at 56 ppm, the aryl peak in the 130-
135 ppm range, and the O-aryl peak at 153 ppm are indicative of hardwood lignin, which
is dominated by syringyl units, in the whole soil (Preston et al., 1990). These features are
absent in both the CPMAS and DD spectra of HWEOM (Figures 3.2 and 3.3). Therefore,
HWEOM appears to contain little or no lignin, and the 105 ppm peak in the HWEOM
spectra is attributed to anomeric C from carbohydrates. In contrast, the 105 ppm peak in
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the whole soils is due to both anomeric C and C in syringyl lignin units. There are large
peaks in the 172-178 ppm region in both CPMAS and DD spectra of all of my samples,
and their chemical shift position indicates that carbonyl C is present in the form of
carboxyl, ester, and amide groups (Keeler et al., 2006).
The biopolymers suberin, cutin, and cutan may also contribute to the spectral properties
of the whole soils. They are important components of epidermal plant cells – suberin in
bark and roots, cutin/cutan in leaves. Suberin is composed of distinct polyaliphatic and
polyaromatic domains (Bernards, 2002), producing a CPMAS spectrum dominated by
alkyl C peaks at 30 and 33 ppm, and minor peaks in the carbonyl C region corresponding
to free carboxyl groups (177-181 ppm) and carboxylic esters (172-174 ppm) (Lopes et
al., 2000). Spectra for cutin and cutan are similar to suberin, but also include a peak at
~105 ppm attributed to aromatic C (McKinney et al., 1996). This peak is retained during
dipolar dephasing, indicating that these aromatic carbons are carbon-substituted. These
whole-soil spectra include all of these properties, including the broad peak at 103 ppm in
the DD spectra (Figures 3.2, 3.3c, and 3.3d).
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Figure 3.3: Solid-state cross polarization and magic-angle spinning resonance (CPMAS)
and dipolar dephasing (DD) 13C nuclear magnetic spectra of (a, b) the hot-water-
extractable organic matter (HWEOM) and (c, d) the whole soil for an Oa (2–3-cm depth)
horizon sample from the Watershed 1 conifer site.
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The variation of the chemical structures by soil horizon and depth in whole soil and
HWEOM for a conifer site is shown in Figure 3.4. The importance of the alkyl C signal
in the whole soil spectra appears to increase with depth within the forest floor. Moreover,
while both the mobile (30 ppm) and rigid (33 ppm) methylene C peaks increase with soil
depth, the importance of the mobile methylene C peak appears to increase relative to the
rigid methylene C peak. The amount of rigid carbon moieties has been found to increase
with soil depth due to humification (Kögel-Knabner et al., 1992), but the greater increase
in the mobile methylene fraction in our soils suggests that selective preservation of
mobile methylene and methyl C may be taking place in these soils. In the O-alkyl C
region, the shoulders corresponding to the O-CH3 (56 ppm) and O-CH2- (63 ppm) peaks
start blending in the large O-alkyl C peak with increased soil depth. Also, the size of the
O-alkyl C peak relative to the alkyl C peak decreases sharply with depth. There is also an
apparent decrease in the O-aryl signal with soil depth. The carbonyl (+ amide) C peak
appears to remain unchanged in importance with soil depth. Similar patterns for alkyl, O-
alkyl, and carbonyl C with soil depth were observed by Zech et al. (1989) for soil organic
matter in O horizons in forest soils in Germany. In a recent study, Hannam et al. (2004)
compared needle litter to the soil organic matter present in Oe and Oa horizons in a
spruce stand in Alberta, Canada, and found that the Oe + Oa organic matter had
significantly higher alkyl, aryl, and carbonyl C, but lower O-alkyl C than the litter.
Soil depth related changes in the spectral properties of HWEOM were fewer and more
subtle than those seen in the whole soils (Figure 3.4). The size of the alkyl C peak
decreased downward in the soil profile, as did the signals in the aryl C, O-aryl C, and
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carbonyl (+ amide) C regions. As a result, the relative importance of the O-alkyl C region
to total signal intensity increased with increasing soil depth.
The quantitative distribution of the major resonance regions with soil depth for the whole
soils and the HWEOM are presented in Figures 3.5 and 3.6, respectively. These figures
represent the percentage of total spectral intensity in each region, obtained by averaging
the integrated intensities for the four sample sites. Figure 3.5 shows a large, significant
increase in alkyl C with depth, along with significant decreases in O-alkyl and O-aryl C
for the whole-soil organic matter (P ≤ 0.05). The variations in the intensities associated 
with aryl and carbonyl (+ amide) C were not significant. Gressel et al. (1996) observed a
similar increase in alkyl C and decrease in O-alkyl C with depth between Oi and A
horizons in a forest soil in California. The relative loss of O-alkyl C and increase in alkyl
C have been attributed to the decomposition of carbohydrates and the relative
accumulation of recalcitrant compounds rich in alkyl C (Baldock et al., 1992). Indeed, the
ratio of alkyl C to O-alkyl C has been used as an index of the degree of decomposition of
soil organic matter (Baldock and Preston, 1995).
Even though the HWEOM was isolated from the same soils, it exhibited depth patterns
for alkyl and O-alkyl C that were opposite to those found in the whole soils. The alkyl C
percentage decreased significantly with soil depth, whereas the O-alkyl percentage
increased significantly. The aromatic groups (aryl and O-aryl C) were significantly
greater in Oi horizons than the deeper layers of the soil (P ≤ 0.05). The carbonyl (+ 
amide) C fractions exhibited a significant decrease with soil depth (P ≤ 0.05).  
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Figure 3.4: Solid-state cross polarization and magic-angle spinning 13C nuclear magnetic
resonance spectra of the (a) whole soil and (b) hot-water extractable organic matter for
organic horizons from the Watershed 1 conifer site.
a. Whole Soil b. HWEOM
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Figure 3.5: Distributions of major C forms in whole-soil organic matter within O horizon
soils. The error bars represent the standard error for four replicate samples.
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Figure 3.6: Distributions of major C forms in hot-water-extractable organic matter
extracted from organic horizon soils. The error bars represent the standard error for four
replicate samples.
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3.4 Discussion
3.4.1 Structural Characterization of HWEOM
The natural organic matter present in soil and its different fractions may contain a variety
of biomolecules derived from plants and microbial biomass, such as carbohydrates,
lignin, tannins, proteins and amino acids, lipids, cutins, and suberins. Their chemical
structure governs their selective utilization as an energy source by heterotrophic micro-
organisms. Spectra derived from solid-state 13C NMR spectroscopy can be used to
identify important classes of biomolecules present in a sample. For example, O-alkyl and
di-O-alkyl C indicate the presence of carbohydrates; aryl and O-aryl C (aromatics)
indicate lignin; N-attached C indicates proteins, amino acids, and chitin; and alkyl C
indicates hydrophobic biomolecules such as lipids, waxes, cutins, and suberins.
The spectra of whole soils and HWEOM have important differences (Figures 3.2-3.4).
The most striking feature in the CPMAS spectra is the much larger alkyl C peak in the
whole soils than in the HWEOM. This large alkyl C peak suggests that the whole soil
contains alkyl-rich compounds such as lipids, cutins, and suberins, which are not very
water soluble, and thus are not extracted to a great extent by hot water. Whole soils are
also more aromatic and exhibit a sharper methoxyl peak at 56 ppm, indicating greater
lignin content than HWEOM. In contrast, the HWEOM spectra are dominated by the O-
alkyl peaks, indicating an abundance of carbohydrates in their structure.
The HWEOM extracted from the Oi horizon contains significantly higher amounts of
lignin-derived materials than the lower, more decomposed horizons as indicated by the
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aryl and O-aryl distribution (Figures 3.5 and 3.6). The aryl and O-aryl C content of
HWEOM extracted from Oi horizons was similar to Oi soils, suggesting that lignin in
recent litter is reasonably soluble. However, in Oe and Oa horizons, HWEOM contains
significantly less aryl and O-aryl C than the whole soil, indicating that lignin
decomposition results in reduced solubility of the byproducts. The content of carbonyl +
amide C is significantly greater in HWEOM than in whole soils (Figures 3.4 and 3.5).
Carboxyl C in soil organic matter tends to be highly soluble, so this pattern may reflect
the selective extraction of carboxyl groups by hot water. This difference may also reflect
higher amide C content in the HWEOM indicating presence of proteins and amino acids,
which is consistent with the lower C:N ratios observed in HWEOM (Table 3.2).
The percentage values in Figures 3.5 and 3.6 reveal the structural distribution within the
extracted functional groups, not the amount of functional groups extracted relative to
their amount in the soil. If we assume that the CPMAS spectra are quantitatively
accurate, we can compute the fraction of each functional group in the whole soil that was
extracted by hot water (Figure 3.7). In the Oi horizon, the highest extraction percentage
(about 6%) was observed for carbonyl + amide C, reflecting the relatively high solubility
of carboxyl C containing compounds and amide groups. In lower horizons, the percent of
O-alkyl and carbonyl + amide C extracted by hot water was greater than the other
functional groups. The percent of alkyl C extracted by hot water decreased from 0.67% in
the Oe horizon to 0.29% in the lowest Oa layer, indicating that humification causes alkyl
C structures to become increasingly less soluble.
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Figure 3.7: Percentage of major C forms in whole soils extracted using hot water.
56
3.4.2 HWEOM as a Labile C Pool
Soil organic matter is a mixture of a variety of compounds such as decomposing plant
litter, root exudates, and living and dead microbes. The water-soluble fraction of soil
organic matter has previously been correlated with the microbial biomass carbon
(Sparling et al., 1998), yet its role as a biodegradable fraction is still ambiguous.
Davidson et al. (1987) compared hot- and cold-water soluble organic matter and
speculated that cold-water extraction yields the organic matter that is easily available to
microbes, but it may extract only a very small fraction of the bioavailable carbon. Boiling
water extraction isolates a much higher amount of organic carbon, but its bioavailability
could not be predicted (Davidson et al., 1987). In a recent study, conducted on a forest
soil using pyrolysis-field ionization mass spectrometry, Landgraf et al. (2006) found that
HWEOM contained more easily decomposable substances such as carbohydrates,
phenols, and lignin monomers than cold-water extracts, and therefore that HWEOM may
be the more bioavailable fraction.
My results are consistent with the hypothesis that HWEOM is a particularly bioavailable
pool of soil C. The van Krevelen diagram (Figure 3.1) shows that the HWEOM
composition is positioned away from the whole soils, towards the carbohydrate region.
Carbohydrates are easily degradable compared to other natural biopolymers found in
soils such as lignins, suberins, and lipids. I also found that the HWEOM has a higher H:C
ratio than the whole soil (Table 3.2), which is consistent with the higher carbohydrate and
lower aromatic C content of HWEOM. Natural aromatic compounds such as lignin
polymers are difficult for microbes to break down into simple forms for consumption.
57
Therefore, since HWEOM has relatively few of those aromatic compounds, it is
relatively enriched in more degradable fractions. The higher O:C ratio for HWEOM
compared to the whole soil (Table 3.2) also suggests a relative abundance of
carbohydrate and carboxylate structures, which are more soluble in water and more
bioavailable than non-oxygenated hydrocarbons.
A higher abundance of carbohydrates in the HWEOM compared to the whole soil is also
supported by their NMR spectra. The HWEOM spectra are dominated by the O-alkyl and
di-O-alkyl peaks between 60 and 110 ppm, which are indicators of carbohydrate C
(Figures 3.2-3.4). The whole-soil spectra contain much larger alkyl carbon peaks (0-45
ppm) and significantly larger aryl (110-144 ppm) and O-aryl carbon peaks (144-165
ppm). The large alkyl C peak, split at 30 and 33 ppm, indicates that the whole soil
contains rigid and mobile aliphatic compounds such as waxes, resins, and suberins. In the
HWEOM, the main alkyl C peak lies at 21 ppm, indicative of acetyl methyl C in hemi-
cellulose, consistent with the dominance of carbohydrate C. Larger aryl and O-aryl C
peaks in whole-soil spectra suggest the presence of highly aromatic molecules such as
lignin, corroborating the results of the elemental analyses in the van Krevelen diagram
(Figure 3.1).
The proportion of O-alkyl C decreases in the whole soil (Figure 3.4), whereas it increases
in the HWEOM with depth (Figure 3.5). This pattern is accompanied by an opposite
pattern for alkyl C. This observation suggests that even though the overall amount of
carbohydrate-rich material in soil decreases with soil depth, its contribution to the labile
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carbon fraction increases, helping to sustain microbial activity. The proportional increase
in alkyl C with depth in the whole soil is probably a reflection of the decrease in O-alkyl
carbon because of its selective consumption by microbes.
3.4.3 HWEOM as a Microbial Biomass Fraction of the Soil
Observed correlations between HWEOM and microbial biomass could reflect the labile
nature of HWEOM, or they could reflect a substantial contribution of microbial biomass
in the HWEOM extract. Leinweber et al. (1995) extracted HWEOM from agricultural
soils and concluded that HWEOM was mainly composed of carbohydrates and N-
containing compounds. These N-containing compounds were mainly amino acids and
amides rather than heterocyclic compounds, consistent with a microbial origin of N.
I found that the C:N ratio was lower for the HWEOM than the whole soil (Table 3.2) due
to higher nitrogen content in the HWEOM, which probably reflects the presence of
proteins or nitrogen-containing carbohydrates such as chitin. In the van Krevelen diagram
(Figure 3.1), the HWEOM samples lie roughly along a line connecting soil protein,
chitin, and carbohydrate. Therefore, much of the elemental composition of HWEOM can
be explained by a mixture of carbohydrate and a combination of protein and chitin.
Because the protein end member lies further away, it would take a smaller contribution of
protein to explain the HWEOM composition than chitin.
Chitin is an important component of fungal cell walls (Georgopapadakou and Tkacz,
1995) and therefore the HWEOM fraction of the soil may include organic matter derived
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from fungi. This hypothesis is further supported by the fact that the integrated intensities
of my HWEOM spectra are more similar to those published for fungal biomass isolated
from a forest soil than bacterial biomass (Baldock et al., 1990), whole soil (this study), or
humic or fulvic acids from Hubbard Brook (Ussiri and Johnson, 2003). However, chitin
solubility in water is very low and these HWEOM spectra do not show a clear peak at 55
ppm for C2 of chitin (Figures 3.2-3.4), suggesting that chitin should not be a large
fraction of the HWEOM. Therefore, I conclude that HWEOM in HBEF soils is largely a
mixture of carbohydrate and proteins. Nevertheless, HWEOM should be further
investigated with respect to its relation with fungal communities in soils. These spectral
and elemental patterns are similar for all three organic horizons investigated (Oi, Oe, and
Oa), and exist irrespective of the forest type: hardwood vs. conifer stands.
The microbial biomass C and microbial biomass N (MBN) for Oe and Oa horizons at
HBEF averaged 5418 and 2453 mg C kg−1 and 1091 and 502 mg N kg−1, respectively
(Bohlen et al., 2001). The average hot-water-extractable organic C concentrations in the
Oe and Oa horizons were 5200 and 4000 mg C kg−1, respectively (Table 3.1). Using
average molar C:N ratios of 14.8 (Oe) and 14.3 (Oa) (Table 3.2) and converting them to
mass ratios (C:N molar ratio × 12/14 kg C kg−1 N), the average hot-water-extractable N
concentrations were 410 and 329 mg N kg−1 in the Oe and Oa horizons, respectively
(Table 3.3). Inorganic N in Hubbard Brook Oe and Oa horizons average 68 and 17 mg N
kg−1, respectively (Bohlen et al., 2001). Assuming that this inorganic N was extracted by
the hot water, the maximum amount of N that could be attributed to microbial biomass is
342 and 312 mg N kg−1 for Oe and Oa horizons, respectively. These values represent
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31% of the MBN in the Oe horizon and 62% of the MBN in the Oa horizon. Based on the
values in Bohlen et al. (2001), the mean microbial C:N ratios in the Oe and Oa horizons
are 4.95 and 4.81 kg C kg−1 N, respectively. Using these values, the maximum amount of
C in the HWEOM that could be due to the extraction of microbial biomass C is 1690 mg
C kg−1 in the Oe horizon HWEOM and 1500 mg C kg−1 in the Oa horizon. In the Oe and
Oa horizons, these values represent 33 and 38% of the C extracted by hot water (Table
3.1). Therefore, the extraction of microbial biomass can account for no more than 40% of
the C in my hot-water extracts.
Table 3.3: Mean values of soil N and hot-water extractable organic N calculated using
soil C, hot-water extractable organic carbon, and C:N ratio.
Horizon Soil N HWEON† HWEON†
----------g N kg-1 soil------- --% of soil N--
Oi 21.6 1.02 4.73
Oe 25.3 0.41 1.62
Oa (0-1 cm) 24.5 0.42 1.69
Oa (1-2 cm) 24.3 0.36 1.49
Oa (2-3 cm) 22.6 0.31 1.38
Oa (3-4 cm) 21.7 0.31 1.44
Oa (4-5 cm) 18.3 0.24 1.34
† HWEON, Hot-water extractable organic nitrogen
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4. Compositional Characterization of Soil Organic Matter and
Hot-Water Extractable Organic Matter in Organic Horizons
using a Molecular Mixing Model
4.1 Introduction
The molecular composition of soil organic matter (SOM) governs numerous chemical
and biological properties of the soil, including pH, cation exchange capacity, nutrient
transport and immobilization, and microbial activity (Stevenson, 1994; Schlesinger,
1997; Buol et al., 2003). The composition of SOM varies significantly from one location
to another due to variations in vegetation type, soil texture, temperature and precipitation,
and microbial diversity. A number of studies have attempted to quantify the organic
biomolecules present in SOM through degradative wet chemical methods. For example,
Baldock et al. (1987) measured carbohydrate content using hydrolysis of SOM with
sulfuric acid. Hydrolysis with hydrochloric acid has been used to estimate protein content
by measuring the release of amino acids (Beavis and Mott, 1996). Lignin present in
organic matter has been quantified by CuO oxidation (Reeves, 1995) and
tetramethylammonium hydroxide thermochemolysis (Hatcher et al., 1995). Lipids have
been estimated by extraction with organic solvents (Heng and Goh, 1981; Wu et al,
1995). These studies can then be combined to provide an overall composition of the soil
organic matter (Preston et al., 1997). However, it is very time consuming and expensive
to carry out all of these individual analyses for routine studies involving large number of
samples. More importantly, these analyses have been found to achieve only 20-80%
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quantification (Ogner, 1985; Kögel et al., 1988; Kögel-Knabner et al., 1988), and their
chemical degradative steps sometimes result in secondary reactions causing formation of
alteration byproducts, leading to ambiguous results (Preston et al., 1997; Nelson and
Baldock, 2005).
Nuclear magnetic resonance (NMR) spectroscopy is a well-established tool for
investigating the chemical structure of organic compounds. However, its use for
analyzing soils has been somewhat limited due to the complex composition of soil
organic matter. The most common NMR technique for SOM is 13C NMR with cross-
polarization and magic-angle spinning (CPMAS), which involves determination of the
broad functional group categories: alkyl C, O-alkyl C, di-O-alkyl C, aryl C, O-aryl C,
carbonyl and amide C, and ketone C (e.g., Balaria et al., 2009). The signal intensities
associated with these functional group classes can then be interpreted as indicators of
organic biomolecules such as carbohydrates, proteins, lignins, and lipids. These
interpretations can be supplemented using other, independent methods such as elemental
analysis or mass spectroscopy (Leinweber et al., 1995; Landgraf et al., 2006; Kaal et al.,
2007; Balaria et al., 2009). While compositional analysis based on NMR provides much-
needed information about the nature of organic matter, it does not provide a direct,
quantitative measure of the organic biomolecules that form the SOM.
Although NMR does not detect different biomolecule types directly, the NMR spectrum
is constrained by the biomolecular composition of the sample. Some recent studies have
utilized a molecular mixing model (MMM) to quantify the biomolecules present in
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marine and soil organic matter using the results of non-degradative solid-state NMR
spectroscopy (Hedges et al., 2002; Baldock et al., 2004; Nelson and Baldock, 2005;
Dickens et al., 2006; Kaal et al., 2007). This molecular mixing model combines NMR
spectral data and C:N ratios of a sample to predict its biomolecular composition in six
families of compounds: carbohydrates, proteins, lignins, lipids, char, and carbonyl. This
model is a linear deconvolution routine that estimates the fractions of each biomolecule
type that yield a total spectral distribution that best fits the sample spectrum (Nelson and
Baldock, 2005).
While modeling soil organic matter as six (or fewer) biomolecules is an
oversimplification, these molecules are known to be responsible for most of the structural
composition of SOM, and inclusion of more molecule types in the model results in a
reduction in accuracy (Nelson and Baldock, 2005). The MMM is the best tool available at
present for predicting biomolecular composition of natural organic matter, and in most
cases predicts the biomolecular distribution significantly better than other methods such
as mass spectroscopy and wet chemical methods (Nelson and Baldock, 2005; Kaal et al.,
2007).
In this chapter, I investigate the molecular composition of soil organic matter and its
presumptively biodegradable fraction: hot-water extractable organic matter (HWEOM).
This study is a continuation of the initial structural predictions made using NMR and
elemental analysis for these soils (Chapter 3) and uses the modeling approach to
investigate those predictions. In that work, I analyzed the variation in the elemental
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composition and 13C NMR properties of SOM and HWEOM with soil depth in organic
soil horizons in some acidic soils from the northeastern USA. In interpreting those
results, I hypothesized that the hot-water extractable organic matter contained a higher
proportion of carbohydrate and protein structures as compared to the whole soil from
which it was extracted. I also hypothesized that carbohydrates and proteins were depleted
with soil depth in O horizons due to their selective utilization by soil microorganisms.
4.2 Materials and Methods
4.2.1 Sampling and Analysis
This study was conducted on soils obtained from the Hubbard Brook Experimental
Forest, New Hampshire. These soils are well-drained Spodosols (Haplorthods) formed on
glacial till, and have an average pH of 3.4 to 4.0 in the surface organic horizons (Johnson
et al., 1991). These organic horizons consist of a largely undecomposed litter layer (Oi
horizon), a partially decomposed, fibrous layer with a pronounced root mat (Oe horizon),
and a highly decomposed humic layer (Oa horizon). At four replicate sites, one sample
was collected from the Oi horizon and one from the Oe horizon. The Oa horizon was
sampled in 1-cm increments to 5 cm depth. The soil samples were stored in sealed plastic
bags in a cold room maintained below 5 °C. Moist soil sub-samples were dried at 80 °C
to constant weight to determine the moisture content. These dried sub-samples were then
ground and stored for elemental and nuclear magnetic resonance (NMR) spectroscopic
analyses.
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The procedure used for hot-water extraction of organic matter and elemental analysis is
described in detail in Chapter 3. Briefly, 150 mL of deionized water was added to 10 g or
30 g (dry equivalent) of Oi or Oe/Oa horizon soil, respectively, in acid-washed Nalgene®
high-density polyethylene (HDPE) bottles, which were shaken for 30 minutes using a
wrist-action shaker and incubated for 18 hours in a water bath maintained at 70 °C. The
extracts were centrifuged at 3500 rpm for 20 minutes and filtered through glass fiber
prefilters (Fisher Scientific) followed by 0.45-µm MF-Millipore mixed cellulose ester
membrane filters. The solution was freeze-dried into solid HWEOM for elemental and
NMR analyses. Carbon recovery in the freeze-drying process ranged from 99% to 116%
(Table 3.1).
The elemental analysis (C, H, and N) of soils and isolated HWEOM samples was
performed on a Carlo Erba EA 1108 elemental analyzer. Sulfur content was also
measured on HWEOM samples using the elemental analyzer, while the S content of
whole soil was taken from Mitchell et al. (1989). Oygen content was determined by the
subtraction of C, H, N, and S from total ash-free mass. In order to determine the ash
content, whole soil and HWEOM samples were combusted overnight in a muffle furnace
maintained at 500 °C.
Solid-state 13C NMR spectra were obtained using a Bruker AVANCE 300 spectrometer
operating at 75 MHz for 13C. I used cross-polarization and magic-angle spinning
(CPMAS) for signal enhancement using a 1 ms contact time, 3 sec recycle delay, 17.5 ms
acquisition time, and 7000 Hz spinning speed using 7-mm zirconia rotors with Kel-F
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caps. The spectra were analyzed using Gaussian line broadening at 50 Hz and integrated
using the chemical shift assignments in Table 4.1.
4.2.2 Molecular Mixing Model
The molecular mixing modeling approach takes the NMR spectral data as input and
calculates the fractions of the major biomolecule types present in the sample by
deconvolution, based on the spectral properties of these individual biomolecules in key
spectral regions (Table 4.1). For example, in order to calculate the protein content of
SOM, thE model uses a standard spectral distribution of soil protein taken from the
amino acid fraction in soils presented by Friedel and Scheller (2002). Using their data,
the total signal intensity for soil protein is distributed as follows: 35.4% as alkyl C
(chemical shift = 0-45 ppm), 22.6% as N-alkyl/methoxyl C (45-60 ppm), 3.5% as O-alkyl
C (60-95 ppm), 0% as anomeric C (95-110 ppm), 8.9% as aryl C (110-145 ppm), 1.3% as
O-aryl C (145-165 ppm), and 28.3% as carbonyl C (165-215 ppm). Similarly, the spectral
distribution of carbohydrate uses cellulose as a model; the lignin distribution was
obtained by taking the average of spectral distributions of spruce and red alder lignin
(Wilson 1987); and lipid distributions we taken from Kolattukudy (1980). The model also
includes char and carbonyl as additional biomolecular components of natural organic
matter. Char is used to account for thermally altered recalcitrant organic material
resulting from fire; spectra for red pine (Pinus sylvestris) wood heated to 300 °C
(Baldock and Smernik, 2002) were used to represent its spectral distribution. The
carbonyl component is included in order to account for carboxylated molecules and for
the progressive oxidation that occurs as the other various biomolecules are decomposed.
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Table 4.1: 13C NMR spectral distribution for model components for processed terrestrial
organic matter.
Chemical
Shift Functional Group
Carbo-
hydrate Protein Lignin Lipid Carbonyl Char
ppm % % % % % %
0 - 45 Alkyl 0 35.4 10.5 75.6 0 0
45 - 60 N-Alkyl/Methoxyl 0 22.6 13.8 4.5 0 1.7
60 - 95 O-Alkyl 83.3 3.5 12.5 9 0 1.8
95 - 110 Di-O-Alkyl 16.7 0 8.6 0 0 5.3
110 - 145 Aromatic 0 8.9 30.6 3.6 0 72.1
145 - 165 Phenolic 0 1.3 19.5 0.7 0 15.2
165 - 215 Amide/Carboxyl 0 28.3 4.6 6.6 100 3.9
For my analyses, I entered the spectral data for whole-soil and HWEOM into the
molecular mixing model, which was run using five components: carbohydrates, proteins,
lignins, lipids, and carbonyl. While the full molecular mixing model is a six-component
model, it can be restricted by excluding any undesired components in order to improve
accuracy. For example, Hedges et al. (2002) excluded the lignin component from an
analysis of marine plankton because these aquatic organisms do not contain lignin. In this
case, since there is no evidence that the soils at Hubbard Brook have experienced forest
fire, the char component was excluded from my calculations.
The model iteratively adjusts the biomolecular composition until the sum of squared
differences between predicted and measured spectral intensities is minimized. The model
then uses the theoretical elemental (C, H, O, and N) compositions of the model
compounds to estimate a molecular formula for the organic matter sample. The
carbohydrate elemental ratio used in the model was calculated using the structure of
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glucose with a water molecule subtracted to account for polymerization (C:O:H =
1:0.833:1.667) (Baldock et al., 2004). The elemental ratio of protein (C:O:H =
1:0.155:1.101) was calculated from amino acid compositions, based on data in Friedel
and Scheller (2002). Lignin ratios were determined by assuming an equal mixture of
syringyl and vanylil lignin (C:O:H = 1:0.429:1.238) (Baldock et al., 2004). The elemental
ratio for the lipid fraction (C:O:H = 1:0.235:1.941) was estimated based on cutin
composition as an equal mixture of 10,16-dihydroxyhexadecanoic and 9,10,18-
trihydroxyoctadecanoic (Goni and Hedges, 1990). The carbonyl component was simply
assumed to have the COOH structure, and hence the C:O:H was 1:2:1.
The molecular mixing model can also be constrained for a fixed N:C ratio (estimated
using elemental analysis) in order to provide better predictions for N-containing
molecules such as proteins (Kaal et al., 2007). If the measured N:C ratio for a sample is
used to model the composition, as I did in this study, the predicted O and H contents,
along with the H:C and O:C ratios, can be compared with the measured values to assess
model performance.
4.2.3 Statistical Analyses
Finally, I performed analysis of variance (ANOVA) on each biomolecular component to
determine whether significant differences existed between the composition of whole soil
and hot-water extractable organic matter, and whether there was a significant increasing
or decreasing pattern with soil depth. I also prepared measured vs. predicted H:C and O:C
ratio plots to evaluate model performance.
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4.3 Results and Discussion
4.3.1 Biomolecular Composition by Depth and Source Material
In Chapter 3, I described the patterns in the NMR spectral properties of both whole soil
and hot-water extractable organic matter (HWEOM) at Hubbard Brook (see also Balaria
et al., 2009). Briefly, I divided the 13C NMR spectra into five main functional group
classes to make structural predictions: alkyl C, O-alkyl C, aryl C, O-aryl C, and
amide/carbonyl C. I found that while whole-soil organic matter had substantial amounts
of O-alkyl C and alkyl C, the HWEOM fraction was dominated by O-alkyl C. Aryl C, O-
aryl C, and amide/carbonyl C together represented no more than 15% of spectral intensity
in whole soils and HWEOM. In the organic horizons studied, aryl C ranged between 7-
9% and 4-9% for whole soil and HWEOM, respectively. O-aryl C ranged from 1.5-4.5%
in whole soil to 1.5-5% in HWEOM. Carbonyl C content was 5-7% for the whole soil
and 8-11% for the HWEOM.
The NMR signal intensity derived from O-alkyl C was found to decrease with the soil
depth within the organic horizon for whole soils, while this fraction increased in relative
importance for the HWEOM. This pattern in O-alkyl C suggested that carbohydrates are
preferentially lost during decomposition in the O horizon, while at the same time
representing a greater fraction of HWEOM in deeper layers (Balaria et al., 2009). Based
on the spectral and elemental data, I speculated that HWEOM represents a mixture of
carbohydrates, from plant residues and microbial exudates, and protein, possibly from
microbial biomass. Application of the MMM provides further evidence for these
observations.
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Table 4.2 summarizes the significant differences in molecular composition between
whole soils and HWEOM, and their variation patterns with depth/horizon. The estimated
biomolecular composition was significantly different for whole soil and HWEOM for
every component, even though the HWEOM was extracted from the same soil.
Hot-water extractable organic matter was significantly higher in carbohydrate, protein
and carbonyl content than the whole soil, indicating its richness in labile organic
components. At the same time, the soil was significantly richer in the recalcitrant
components such as lignin and lipid moieties. Table 4.2 also shows the significant depth
related patterns for the various components in whole soil and HWEOM. These results are
discussed in greater details in the following sections.
Table 4.2: Analysis of variance results for (1) differences in molecular composition of
whole soil and HWEOM and (2) pattern of variation with depth for whole soil and
HWEOM.
Molecular
Component
Whole soil (N=28) vs.
HWEOM (N=27)
Variation with increasing depth/horizon (N=4)
Whole soil HWEOM
Result
p-
value Pattern p-value Pattern
p-
value
Carbohydrate HWEOM>WS <0.001 Decreasing <0.001 Increasing <0.001
Protein HWEOM>WS <0.001 Increasing 0.046 Inconclusive 0.094
Lignin WS>HWEOM 0.007 Decreasing 0.013 Decreasing <0.001
Lipid WS>HWEOM <0.001 Increasing <0.001 Decreasing 0.013
Carbonyl HWEOM>WS <0.001 Inconclusive 0.894 Decreasing 0.007
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4.3.2 Carbohydrates
The estimated fraction of carbohydrates in the whole soils decreased from more than 50%
in the litter layer (Oi horizon) to 35% at the bottom of the Oa horizon (Figure 4.1). For
both the HWEOM and the whole soil, the variability for carbohydrate values within each
horizon/layer was very low (less than 6%). These whole-soil carbohydrate estimates are
similar to the approximately 50 % of total C estimated by Kaal et al. (2007) for Spanish
soils. The decreasing pattern for carbohydrates in whole soils is probably due to their
preferential consumption by soil microbes, as these are among the most easily degradable
biomolecules (Rosenberg et al., 2003). Similar decreases in the modeled carbohydrate
fraction with depth have also been observed by Kaal et al. (2007) for peat soils in Spain.
Similarly, Baldock et al. (2004) found a decrease in the modeled carbohydrate proportion
with increase in the duration of decomposition for both forest and agricultural soils.
Carbohydrate molecules represented 40-70 % of total C mass in the HWEOM,
significantly more than the 30-55 % in the whole soil. This indicates that HWEOM is
particularly labile fraction of the whole soil. The carbohydrate fraction in the HWEOM,
contrary to the whole soil, increased with soil depth. Table 4.3 presents the overall
percentage of the whole-soil carbohydrate extracted by the hot-water, calculated by
multiplying the percentage of carbohydrate in HWEOC by the fraction of HWEOC (as a
% of soil C) and dividing by the carbohydrate percentage for whole soil. It shows that the
amount of carbohydrates extracted by hot-water does in fact increase with increasing soil
depth. The increase in the carbohydrate fraction in HWEOM with increasing soil depth
could be due to physicochemical preservation of the labile C through interaction with
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minerals (Rass et al., 2005; Bachmann et al., 2008; Eskchmitt et al., 2008). Eskchmitt et
al. (2008) suggested that biodegradation of particularly labile C, especially by soil
bacteria, is disrupted by reduced diffusion due to the formation of hydrophobic zones
with increasing soil depth. Bachmann et al. (2008) found that forest soils were less
wettable compared to arable soils, further restricting the access to organic matter by soil
microbes. Rass et al. (2005) suggested that labile fractions of the soil organic matter are
more prone to sorption to the mineral phase in deeper soils with increasing content of Fe
and Al oxides, protecting them from microbial access.
Table 4.3: Average percentage of molecular components in whole soils extracted using
hot water.
Horizon Carbohydrate Protein Lignin Lipid Carbonyl
----%---- ---%--- ---%--- ---%--- ---%---
Oi 3.1 4.6 3.8 1.5 26.5
Oe 4.2 4.9 1.8 1.1 6.7
Oa (0-1 cm) 4.7 4.8 1.9 1.0 14.9
Oa (1-2 cm) 5.0 4.4 2.0 0.6 10.7
Oa (2-3 cm) 5.7 4.3 1.9 0.5 6.8
Oa (3-4 cm) 6.0 4.3 3.2 0.4 3.6
Oa (4-5 cm) 6.6 4.1 3.9 0.3 3.4
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Figure 4.1: Variation in percentage of carbon present as carbohydrates with soil depth
for (a) whole soils and (b) hot-water extractable organic matter (HWEOM). The error
bars represent standard error (N=4).
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4.3.3 Proteins
In both whole soils and HWEOM, the estimated protein content was lowest in the Oi
horizon and increased in lower organic horizons (Figure 4.2). Baldock et al. (2004) also
observed an increase in the protein proportion with time of decomposition in forest soils.
Kaal et al. (2007) found a slight increase with depth in the protein fraction in upper soil
horizons (from ~12% to 15%), similar in magnitude and pattern to these results. Kaal et
al. (2007) also found that by constraining the MMM with measured N:C ratios, as I did,
modeled protein values were closer to those estimated using other, independent methods.
Although microbial biomass contains abundant proteins, it cannot by itself account for
the depth pattern since soil microbial biomass is only about 1 % of the total C in the Oe
and Oa horizons in Hubbard Brook soils (Bohlen et al., 2001), whereas proteins account
for 11-17% of soil C (Figure 4.2a). The relative increase in the protein fraction of whole
soils may be a reflection of the fact that carbohydrates are consumed at a relatively faster
rate than proteins, resulting in the relative accumulation of protein. It may also be due to
the production of proteinaceous by-products of microbial activity. The estimated
proportion of protein molecules in HWEOM was significantly greater than in the whole
soils (Table 4.2; Figure 4.2). Hot water probably extracts a considerable amount of
proteinaceous material in microbial biomass and microbial exudates. However, microbial
biomass carbon can account for a maximum of 40% of the carbon extracted in the
HWEOM (Chapter 3). Table 4.3 shows that hot-water extracts 4-5% of the proteins
present in the whole soil from which it was extracted and had no significant pattern with
soil depth.
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Figure 4.2: Variation in the percentage of carbon present as proteins with soil depth for
(a) whole soils and (b) hot-water extractable organic matter (HWEOM). The error bars
represent standard error (N=4).
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4.3.4 Lignin
In both whole soil and HWEOM, the estimated lignin fraction decreased significantly
with soil depth (Figure 4.3). This decrease corresponds to the observed decreases in
aromatic and phenolic C reported in Chapter 3. The decrease in the lignin contribution to
SOM signifies that although it is a less preferable energy source for microbes than
carbohydrate, it nevertheless undergoes substantial decomposition in organic horizons.
For these organic horizons, the lignin fraction was between 8% and 20% in whole soils,
slightly less than Kaal et al. (2007) observed in Spanish peat soils (~ 20-25%). With the
exception of the Oi horizon, the lignin fraction was significantly lower in HWEOM than
in the whole soils (Figure 4.3). This suggests that modification of lignin during
decomposition reduces its solubility. The fraction of lignin in the whole soil extracted by
hot-water, however, did not show a significant pattern with soil depth and varied between
1.8% and 3.9% for the organic horizons investigated (Table 4.3).
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Figure 4.3: Variation in percentage of carbon present as lignin with soil depth for (a)
whole soils and (b) hot-water extractable organic matter (HWEOM). The error bars
represent standard error (N=4).
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4.3.5 Lipids
The relative amount of lipids had different patterns with depth for whole soils and the
hot-water extractable organic matter (Figure 4.4). In whole soils, the fraction of lipids in
SOM showed a substantial increase with soil depth from 18% in the Oi horizon to more
than 40% in the lower Oa horizon. This pattern is similar to the increase in alkyl groups
observed in Chapter 3. This increase is most likely due to the selective preservation of
highly recalcitrant, lipid-rich compounds (resins, waxes, suberin, cutin, etc.) during the
course of organic matter decomposition in soil. Furthermore, the increase in the estimated
lipid fraction can largely account for the estimated decreases in both carbohydrate and
lignin in whole soils (Figures 4.1, 4.3). This pattern is also in agreement with the
increased lipid percentage observed with depth by Kaal et al. (2007) and with
decomposition time by Baldock et al. (2004).
In contrast, I observed a significant decrease in the lipid fraction with depth for
HWEOM. Lipids are not very soluble in water, as evidenced by the low percentages I
observed in HWEOM (Figure 4.4). In the lowest Oa layers lipids accounted for more than
35% of soil C, but only 4-5% of HWEOM C. Moreover, the lipid fraction of the soil C
extracted in HWEOM also showed a slight decrease from 1.5% in Oe horizon to 0.9% in
the lowest depth of Oa horizon investigated. My data suggest that as decomposition
proceeds, the least soluble, most recalcitrant lipids are retained in the soil organic matter,
resulting in a decrease in the fraction of lipids in HWEOM.
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Figure 4.4: Variation in the percentage of carbon present as lipids with soil depth for (a)
whole soils and (b) hot-water extractable organic matter (HWEOM). The error bars
represent standard error (N=4).
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4.3.6 Carbonyl
The carbonyl component exhibited great variability and no specific depth pattern for
whole-soil organic matter (Figure 4.5). However, it accounted for less than 3% in all
depths/horizons considered. Ussiri et al. (2003) estimated the carboxyl (COOH) fractions
in Oa horizons for humic and fulvic acids, with an average value of 3.7% of total C in
Hubbard Brook soils. These estimates are similar to my model predictions for the whole
soil, corroborating the accuracy of this methodology for carbonyl predictions. Low
concentrations and a lack of pattern with soil depth of this carbonyl component were also
observed by Kaal et al. (2007) for peat organic matter. This carbonyl fraction represents
carboxylated molecules and decomposing biomolecules undergoing progressive
oxidation. Thus, unlike the other modeled fractions, they do not represent a specific
biomolecular family.
The carbonyl percentage was significantly higher for HWEOM (~3-11%) and had a
significant decreasing pattern with depth (Figure 4.5). This elevated contribution to
HWEOM indicates that these carboxylated molecules are highly soluble. It must be noted
however that this fraction had the highest variability among individual samples for the
whole soil, with the model estimating its percentage to be zero for some of the samples.
This variability was also great in the estimation of the carbonyl fraction in HWEOM
(Table 4.3), which ranged from 3.4% to 26.5%.
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Figure 4.5: Variation in percentage of carbon present as carbonyl with soil depth for (a)
whole soils and (b) hot-water extractable organic matter (HWEOM). The error bars
represent standard error (N=4).
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4.3.7 Model Performance and Cautions in Interpretation
The performance of the molecular mixing model can be evaluated by comparing
measured and model-predicted parameters such as spectral intensities and elemental
ratios. The average integrated spectral intensities for whole soil and HWEOM are
presented in Figures 4.6a and 4.6b respectively. These values are averaged over all the
horizons and replicates. For both the whole soil and the HWEOM, the molecular mixing
model predicted spectral intensities that were almost identical to the measured values,
suggesting that the model generally explains these spectra very well.
The molecular mixing model also computes molar H:C and O:C ratios based on the
elemental composition of the model biomolecules. The predicted H:C and O:C values are
compared to the measured H:C and O:C values in Figures 4.7 and 4.8, respectively. The
model overestimated the H:C ratio substantially for organic matter present in the whole
soil samples of all layers (Figure 4.7a). However, these predicted H:C ratios fall in a very
narrow range of approximately 1.4-1.7. The H:C ratios are normally higher for lipids and
carbohydrates, and the discrepancy therefore suggests that the lipid and carbohydrate
percentage in whole soils may be somewhat overestimated for the soil and slightly
underestimated for some of the HWEOM samples. However, carbohydrates also have
high O:C ratios and thus we also need to look at O:C comparisons.
The model is more efficient in predicting O:C ratios for soil organic matter than H:C
ratios (Figure 4.7b). Nevertheless, the O:C ratios are slightly under-predicted for both
whole soil and HWEOM. These ratios depend heavily on O-containing functional groups
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generally present in carbohydrates and carbonyl structures. The fact that these values are
slightly underpredicted suggests that the organic matter may have a greater fraction of
carbohydrates, carbonyl, or both, than the MMM predictions. Alternatively, the elemental
ratios for the model compounds, calculated using literature-based elemental
compositions, may not be ideal for the Hubbard Brook soil system, in particular, the lipid
composition. Lipids are the highest in whole-soils, which showed the greatest variation.
It must also be noted that the measured O concentration was estimated by taking the
difference of H, C, N, and S from total ash-free weight. While this method provides very
similar values to direct measurement (Malcolm and MacCarthy, 1986), it is almost
certainly an overestimate because it fails to account for elements such as P and metals
(Rice and MacCarthy, 1991). Thus some of the overestimation I observed in O:C ratios is
likely due to my underestimation of O content in the samples.
The quantitative information this model provides is highly useful for the chemical
analysis of any soil since it is fairly accurate, fast, and cost-effective compared to usual
wet-chemical methods. Nevertheless, the discrepancies in the H:C ratios suggest that
while the molecular mixing model is a great tool to investigate biomolecular composition
of complex organic mixtures such as SOM and HWEOM, more work is needed to
improve the selection of model compounds, especially for lipids and lignin.
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Figure 4.6: Measured vs. predicted spectral intensities for (a) whole soil and (b)
HWEOM. The error bars represent the standard errors (N=27 for HWEOM, 28 for whole
soils).
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5. Effects of Calcium Treatment on the Structure and
Bioavailability of Soil Organic Matter
5.1 Introduction
Calcium and magnesium amendments have been widely used as a remedial measure for
acidic soils in a number of European countries. These treatments have been found to
increase base saturation, pH, cation exchange capacity, available phosphorus and to
enhance soil microbial activity (Ivarson, 1977; Adams et al., 1978; Zelles et al 1978;
Lohm et al., 1984; Yavitt and Newton, 1990; Illmer and Schinner, 1991; Frostegard et al.,
1993; Naele et al., 1997). Inspired by these success stories, a watershed-scale study of
wollastonite (calcium silicate) application was conducted at the Hubbard Brook
Experimental Forest (HBEF) in the White Mountain National Forest in central New
Hampshire (Groffman et al., 2006). Hubbard Brook soils are Spodosols with a long
history of acidic deposition and have suffered nutrient depletion, aluminum mobilization,
and deterioration of vegetation (Driscoll et al., 2001). The amount of applied wollastonite
was selected to return the base saturation of the soil to estimated preindustrial levels
(Groffman et al., 2006).
Researchers at the HBEF found a significant increase in soil and stream pH, cation
exchange capacity, base saturation, and a reduction in winter-injury/dieback of forest
vegetation after the wollastonite treatment (Peters et al., 2004; Hawley et al., 2006; Juice
et al., 2006; Cho et al., 2010). However, unlike many liming studies conducted at
European sites, the Hubbard Brook soils did not show an enhancement in microbial
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biomass or activity after the treatment (Groffman et al., 2006). This anomalous behavior
raises questions about our fundamental understanding of the effect of calcium treatment
on soil microbes. One important link in the puzzle is the interaction of Ca with soil
organic matter. The effects of calcium binding on soil organic matter and related soil
microbial processes have been observed in environments such as organic layers of
Norway spruce forests (Rosenberg et al., 2003) and acidic/mesic tundra (Hobbie et al.,
2002). Rosenberg et al. (2003) found a decrease in the proportions of alkyl C, the alkyl
C/O-alkyl C ratio, and the content of extractable lipids in forest floor soils after liming,
suggesting that liming may lead to a decrease in recalcitrant organic compounds, leaving
the organic matter more bioavailable. However, Hobbie et al. (2002) found greater in situ
soil respiration, greater laboratory soil respiration, and greater DOC production in acidic
soils, compared to nonacidic soils with high concentration of calcium. They speculated
that calcium bridging of the labile soil organic matter rendered it less accessible to
microbes. These results suggest that calcium may affect the fundamental structure and/or
bioavailability of soil organic matter, which serves as a principle energy source for soil
microbes.
To explore this linkage in Hubbard Brook soils, I analyzed the effect of calcium
application on the structural chemistry of the soil organic matter and its water-extractable
fraction. As presented in Chapter 3, hot-water-extractable organic matter is a particularly
bioavailable fraction of soil organic matter and may reflect treatment effects more readily
compared to the soil organic matter. I hypothesized that: (1) calcium treatment decreases
the amount of hot-water extractable organic carbon in the soil; and (2) calcium treatment
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affects the structure of hot-water extractable organic carbon by decreasing the content of
its more bioavailable components. I explored hypothesis (1) by determining the dissolved
organic carbon and loss-on-ignition of hot-water extracts from treated and reference soils
in a plot-level manipulation experiment. To test the second hypothesis, I used nuclear
magnetic resonance spectroscopy to quantify the structural variation in soils subjected to
various amendments. Phosphorus treatments, with and without calcium, were also
included to test whether P limitation might be a factor in microbial activity. I
supplemented the SOM and HWEOM structural analyses by investigating the C:N ratios
of soil and HWEOM and studying the biodegradation of HWEOM in a controlled
laboratory experiment. I performed all these analyses for organic horizons [Oie (Oi+Oe)
and Oa] since these horizons showed the most significant chemical effects of a
watershed-scale calcium application at Hubbard Brook (Cho et al., 2010).
5.2 Methods
5.2.1 Experimental Treatments
To investigate calcium and phosphorus treatments on soil organic matter and hot-water
extractable organic matter, I studied twenty plots, established in July 2006 with four
treatments and a reference, each with four replicate plots. The treatments were: (1) High
Ca (4250 kg Ca/ha), (2) Low Ca (850 kg Ca/ha), (3) P (50 kg P/ha; Na2HPO4·2H2O), (4)
Low Ca + P (amounts as mentioned in (2) and (3)). The amount of phosphorus was
selected to be more than triple the amount of phosphorus required by plants, to obviate
the potential microbial limitation of P because of uptake by the vegetation (Minick et al.,
2011).
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These plots were set up in the Hubbard Brook valley within a three hectare area
dominated by sugar maple at an elevation of approximately 500 m (Figure 5.1; Minick et
al., 2011). The plots were 5 m × 5 m and were separated from each other by at least 2 m
(Minick et al., 2011). Calcium was manually applied to the plots in the form of mineral
wollastonite powder. A detailed description of the soil and vegetation characteristics of
the Hubbard Brook Experimental Forest is provided in Chapter 3.
From these plots, Oie (Oi + Oe) and Oa horizon soils were sampled two or three times
per year from July 2006 to October 2008. The plots were treated in October 2006, with
soil samples collected in July 2006 (pre-treatment), October 2006, and then May, July,
and October of 2007 and 2008. I performed soil moisture analysis, hot-water extraction,
dissolved organic carbon analysis, loss-on-ignition analysis, biodegradation analysis,
elemental analyses, and NMR spectroscopic analyses followed by molecular mixing
modeling to investigate structural changes before and after the treatments and the
differences between control and treated plots.
5.2.2 Sample Compositing and Analytical Description
I performed hot-water extractions on every individual sample (5 treatments × 4 replicates
× 2 horizons = 40 samples per collection date) collected in July 2006 (pretreatment),
October 2006, July 2007, and July 2008 to determine sampling variability. For the
remaining dates, I pooled all the replicates on an equal dry-weight basis before
performing hot-water extractions and subsequent analyses. I also pooled the
corresponding dried whole-soil samples in equal amounts for the same sampling dates.
Figure 5.1: Location of the experimental plots shown by arrow on larger topographic
maps (Source: Google maps).
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The procedural information for hot-water extraction, dissolved organic carbon analyses,
freeze-drying, elemental analyses, and NMR spectroscopy experiments (including
instrumentation and data acquisition) has been detailed in Chapter 3, and the details of
the molecular mixing modeling approach have been provided in Chapter 4 of this
dissertation. To test hypothesis (1), I analyzed whether or not the calcium treatments
significantly affected the amount of organic carbon extractable by hot-water using
dissolved organic carbon analysis of the hot water extracts. I supplemented this analysis
with measurement of loss-on-ignition of the freeze-dried HWEOM. In the NMR study
conducted to test the second hypothesis, I analyzed soil samples for the October events of
2006, 2007, and 2008, and the pretreatment July 2006 event. On both composited and
individual samples, I performed elemental analysis on both the whole-soils and freeze-
dried hot-water extractable organic matter. Thus, the amount of hot-water extractable
carbon could be expressed on an absolute (mg C per gram soil) or relative (mg C per
gram soil C) basis.
For my biodegradation study, I used the Oie and Oa horizon samples for all treatments,
with three replicates per treatment, from the October 2008 sampling event. After hot-
water extraction, I incubated the liquid HWEOM in brown bottles with loose caps to
maintain dark conditions but allow aeration for microbial activity. More details on the
selection of this biodegradation analysis method are included in Chapter 2. I analyzed the
biodegradability of HWEOM by measuring the dissolved organic carbon concentration at
0, 1, 2, 3, 7, 14, 21, 28, 35, and 42 days. At each sampling date, I collected a 1-ml
subsample from each sample using a pipette. These subsamples were kept frozen until the
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day of DOC analysis to exclude any further microbial degradation during storage. The
evaporation loss during the experiment was minimal, yet I accounted for it in the
biodegradation calculation using the sample weight of a blank sample which had the 1-ml
subsample taken out at each sampling date. The value of biodegraded C was calculated as
follows:
Biodegraded C (mg) = (Mi - Mt) × Vo
where,
Mi = initial dissolved organic carbon concentration, mg/L
Mt = dissolved organic carbon concentration after t days × (Vactual /Vpipetted out),
mg/L
Vo = total volume (100 mL or 0.1 L)
5.2.3 Statistical Analyses
I analyzed the hot-water extractable organic carbon (HWEOC) amounts for both Oie and
Oa horizons using two different approaches. First, I performed an analysis of variance
between treatments for the July months of 2006 (pretreatment), 2007, and 2008 using
Tukey’s honestly significant difference at 95% confidence levels. Second, I analyzed the
patterns of the treatment effects for all sampling events by plotting these data and
studying how the mean values of HWEOC change over the course of three years. I used a
similar approach for loss-on-ignition analysis and elemental analyses on both the whole
soil and HWEOM data. For the biodegradation study, I performed ANOVA on the
cumulative degradation (after 6 weeks), also using Tukey’s honestly significant
difference at 95% confidence levels.
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I conducted NMR analyses on soil samples collected from the October 2006, 2007, and
2008, to study the structural chemistry of organic matter immediately after, one year
after, and two years after the treatment. I performed these analyses on both the whole-soil
and the hot-water extractable organic matter from Oie and Oa horizons. For October
2006, all the replicates were analyzed individually, while for 2007 and 2008, the samples
were composited for analysis. For these NMR analyses, I first compared the spectral
intensity for different functional groups obtained through CPMAS analysis to quantify
the differences between treatments. For October 2006, I performed analysis of variance
for the O-alkyl C component for both whole soil and HWEOM for Oie horizon as this
group largely represents the biodegradable structures contributed from carbohydrates.
Since I did not have estimate of variability for 2007 and 2008 due to sample compositing,
I used the standard deviation values of October 2006 to compare the mean treated values
obtained for those years with individual control values using a two-sample t test.
5.3 Results
5.3.1 Quantitative Assessment of Hot-water Extractable Organic Matter
5.3.1.1 Hot-water Extractable Organic Carbon
While the Low Ca treatment had no significant effects on HWEOC content in Oie
horizons, the High Ca treatment showed significantly lower HWEOC values in July 2008
(3.86 mg/g soil) compared to July 2006 (6.91 mg/g) (Table 5.1). Phosphorus treatment
also seemed to have a negative effect on the amount of HWEOC when applied with Ca.
For plots treated with Ca and P, a significant difference was observed within the first year
which persisted through the following year. However, the plots treated with only P
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showed no significant effect in the two years after the treatment, suggesting no P effect
on HWEOC values. The reference HWEOC values ranged from 8.25 mg/g in July 2006
to 6.35 mg/g in July 2008, showing some decrease, but this difference was not significant
at either the 90% or 95% confidence level, suggesting that the treatment effects were
genuine.
Analysis of variance for individual sampling dates revealed no significant differences in
HWEOC between treatments for either pretreatment (July 2006) or post-treatment (July
2007 and July 2008) data. This is likely attributable to high variability among soil
samples and the relatively small (N = 4) sample sizes. My pre-treatment HWEOC values
for the Oie horizon were consistent with the Oi and Oe horizon values reported in
Chapter 3 for Hubbard Brook soils: 16.7 mg/g in the Oi horizon, and 5.2 mg/g in the Oe
horizon.
No significant differences in HWEOC were observed in the Oa horizons for any
treatment in any year. These values were lower than the Oa horizon values measured in
Chapter 3, which varied from 5.2 mg/g in top 1 cm of the horizon to 3.1 mg/g at the
bottom of the Oa horizon. These lower values probably reflect the fact that these samples
also included some soil from the A horizon. The HWEOC values for upper mineral
horizons (top 10-cm) in the plots were determined for July 2006, and the average
HWEOC content was 0.54 ± 0.04 mg/g. I did not conduct further treatment analyses on
mineral soil since the treatments were not likely to result in significant effects that deep
into the soil. Cho et al. (2010) found no significant treatment effect on the chemical
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properties of mineral horizons after wollastonite application in watershed 1 at Hubbard
Brook.
Table 5.1: Hot-water extractable organic carbon (HWEOC) values for Oie and Oa
horizons for Ca and P treated plots (mean ± standard error, n=4). Different letters (a, b)
represent statistically significant differences among different years, based on Tukey’s
method for each treatment, and are to be read vertically. No significant difference was
observed between treatments.
Reference High Ca Low Ca Low Ca + P P
------------------------------------mg C/g soil-------------------------------------
Oie
July 2006 8.3 ± 0.1 a 6.9 ± 0.8 a 8.2 ± 1.0 a 9.5 ± 0.4 a 8.2 ± 0.7 a
July 2007 6.5 ± 1.0 a 4.9 ± 0.5 a b 5.8 ± 0.4 a 5.9 ± 0.8 b 4.7 ± 0.6 b
July 2008 6.3 ± 1.1 a 3.9 ± 0.4 b 6.5 ± 0.2 a 5.0 ± 0.5 b 6.1 ± 1.1 a b
Oa
July 2006 1.9± 0.1 a 1.9 ± 0.0 a 2.4 ± 0.3 a 2.1 ± 0.5 a 1.9 ± 0.4 a
July 2007 2.1 ± 0.3 a 1.2 ± 0.5 a 1.9 ± 0.3 a 1.7 ± 0.3 a 1.2 ± 0.2 a
July 2008 1.8 ± 0.3 a 1.5 ± 0.4 a 1.9 ± 0.2 a 1.3 ± 0.2 a 1.7 ± 0.2 a
While the July 2006, 2007, and 2008 data provide an understanding of statistically
significant treatment effects, Figure 5.2 provides a better understanding of the variation
among treatments in different seasons. The hot-water extractable organic carbon in the
Oie horizon decreased for the first year for all treatments including the reference (Figure
5.2), but the decrease was greatest for the calcium-treated plots. The hot-water
extractable organic carbon in Oie horizons of the reference plots remained approximately
constant from July 2007 to July 2008 while HWEOC in the high Ca plots continued to
decline. By the last sampling date, October 2008, HWEOC in the control Oie horizons
was nearly three times greater than in the high Ca plots (Figure 5.2).
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Figure 5.2: Hot-water extractable organic carbon values for the five treatments at
different sampling dates.
For the Oa horizon, while there were no statistically significant treatment effects, the
HWEOC values were lower in High Ca plots than in reference plots in every sampling
period after the treatments were applied. A lack of a statistically significant treatment
effect for most of these treatments in the Oa horizon was also observed by Minick et al.
(2011) in a parallel study of microbial activity and nitrogen mineralization in these soils.
5.3.1.2 Loss-on-ignition Analysis
I compared the loss-on-ignition (LOI) of HWEOM extracted from soils in reference plots
to those of the treated plots for each set of July samples (Figure 5.3). The loss-on-ignition
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estimates the organic matter content of this fraction and as expected, it was very high
(>65% loss-on-ignition). While the reference plots showed no significant change in the
LOI content of HWEOM over the two-year period, all three Ca treatments showed
significant decreases within the first year of treatment with the maximum decrease
observed in High Ca plots (20% decrease), which were sustained in the following year in
the Oie horizon (Figure 5.3). This decrease in LOI indicates a lower contribution of
organic matter in the extracted HWEOM.
The observed decrease in organic matter could be a reflection of increased amorphous
silica in the calcium silicate treated plots or due to increased leaching of dissolved
organic carbon (DOC) in the calcium treated plots because of higher pH. The solubility
of silica at the extraction temperature of 70 °C is 245 mg/L, (Fournier and Rowe, 1977).
Since I used 150 ml deionized water for extraction and the average weight of extracted
freeze-dried HWEOM was 396 mg in Oie and 326 mg in Oa horizon, I estimate the
maximum amount of silica in the HWEOM to be 9.3% in the Oie and 11.3% in the Oa
horizon. While this is a potentially significant fraction of the non-organic portion of the
HWEOM, it can only account for about half of the 20% decrease in organic matter
content of the HWEOM in the High Ca treatment. Furthermore, I did not find a
significant positive correlation between the LOI of soil and LOI of HWEOM (R2 =
0.008), suggesting that any increase in amorphous silica in the whole soil would not have
a significant effect on it being extracted during the hot-water extraction procedure.
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The other possible mechanism for the decreased organic matter content of the HWEOM
fraction could be a decrease in extractable organic structures in soils because of a pH-
induced increase in leaching of dissolved organic matter. Andersson et al. (2000) found
higher DOC leaching for limed plots compared to unlimed plots and suggested that an
increase in pH increases negatively charged groups on humus colloids, increasing their
solubility and making them prone to leaching. A significant increase in DOC after the
wollastonite treatment has also been observed for Hubbard Brook soils (Groffman et al.,
2006) and I speculate that this might be the mechanism behind the decrease in LOI% of
the HWEOM.
For the Oa horizon, only the High Ca and Low Ca with P treated plots showed a
significant decrease in LOI and it took two years for both to develop these effects. Since
the P-only treatment did not show any significant change in the LOI of HWEOM, the fact
that the Low Ca with P plots showed this decrease indicates that there is a significant Ca-
P interaction at work. The pretreatment LOI values in Oie-horizon HWEOM in July 2006
showed no difference among treatments, but in July 2007, HWEOM in reference Oie
horizons had significantly higher organic matter content than in the High Ca and Low Ca
+ P plots. High Ca plots had the lowest organic matter content in Oie-horizon HWEOM.
The fact that Low Ca with P had lower organic matter values than reference plots while
the Low Ca plots did not, further corroborates the additive effects of Ca and P treatment
on the decrease in extractability of organic matter. In 2008, Oie-horizon HWEOM in the
High Ca plots still had significantly lower organic matter content than the reference plots.
The Oa horizon showed no significant differences for the study period.
99
N
.a
.N
.
Ju
ly
20
06
O
ct
ob
er
20
06
M
ay
20
07
Ju
ly
20
07
O
ct
ob
er
20
07
M
ay
20
08
Ju
ly
20
08
O
ct
ob
er
20
08
L
o
ss
-o
n
-I
gn
it
io
n
%
70
75
80
85
90
95
b. Oa horizon
N
.a
.N
.
Ju
ly
20
06
O
ct
ob
er
20
06
M
ay
20
07
Ju
ly
20
07
O
ct
ob
er
20
07
M
ay
20
08
Ju
ly
20
08
O
ct
ob
er
20
08
L
os
s-
on
-I
gn
it
io
n
%
60
70
80
90
High Ca
Low Ca
Reference
Low Ca and P
P
a. Oie horizon
Figure 5.3: Loss-on-ignition values for hot-water extractable organic matter (HWEOM)
in (a) Oie and (b) Oa horizons.
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5.3.2 Molecular-scale Structural Assessment
5.3.2.1 Nuclear Magnetic Resonance Spectroscopic Analysis
An example comparison of CPMAS spectra for various treatments for the whole soil and
the corresponding HWEOM fraction is presented in Figure 5.4. While these figures
display the spectral characteristics of these substrates, the spectral intensity can also be
quantified by integrating the various regions of the spectra as outlined in Chapter 3.
These results are presented in Tables 5.2-5.7 for October 2006, 2007, and 2008 samples.
In general, whole-soil from the Oie horizons had a significantly higher O-alkyl C
percentage than Oa horizons. While O-alkyl C represented the highest percentage of
spectral intensity in Oie horizons, in Oa horizons both O-alkyl and alkyl C accounted for
approximately 30%. Thus, SOM in the Oa horizon contained a comparatively higher
percentage of the more recalcitrant alkyl C fraction compared to the Oie horizon. The
third largest constituent in the Oa horizon was aryl C (12% of total spectral intensity).
Other fractions were 10% or less and were similar to Oie horizon. The phenolic (O-aryl
C) fraction in whole soils was the least abundant fraction across all treatments, horizons,
and years.
For HWEOM, the O-alkyl C content was higher in Oa horizons than in Oie horizons.
This observation is consistent with the results obtained in Chapter 3 for Hubbard Brook
soils, where I found an increase in O-alkyl content with depth within the organic
horizons. The second largest component of HWEOM was alkyl C, which was only 20%
and 15% of spectral intensity in Oie and Oa horizons, respectively. The presence of aryl
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and O-aryl C were negligible (>5%) for both Oie and Oa horizons, suggesting that lignin
is not a major component in HWEOM.
In whole soils collected in October 2006, shortly after the treatments were applied, no
significant differences were observed in spectral properties among the five treatments in
either Oie or Oa horizons. However, HWEOM spectra demonstrated a higher percentage
of O-alkyl C in Oie horizons of reference plots compared to the high Ca treated plot (at P
< 0.1) in October 2007. The Ca + P treated plots exhibited a statistically significant
difference (P = 0.076) in Oie-horizon O-alkyl C % compared to reference plots.
However, Oie horizons in the Low Ca plots, while lower than in reference plots, were not
statistically significantly different with respect to O-alkyl C %. In October 2008, the
differences between treatments became more subtle (and statistically insignificant),
suggesting the system may have returned to its original state. The fact that treatment
effects were evident for HWEOM, but not for the whole soil, suggests that Ca treatment
affects the extractability of the labile organic matter and not necessarily the structural
chemistry of organic matter in the whole soil. Phosphorous treatment did not show any
significant patterns, suggesting that microbial processing of organic matter in these soils
was not limited by P-related effects on organic matter composition. A lack of a P-effect
on microbial biomass and activity was also observed by Groffman and Fisk (2011) in a
parallel study for the same plots, suggesting that these soils are likely not limited by P
availability for microbial growth and their consumption of the labile organic matter.
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Figure 5.4: Solid-state cross polarization with magic-angle spinning (CPMAS) 13C
nuclear magnetic resonance spectra of (a) whole soil and (b) hot-water extractable
organic matter (HWEOM) for Oie horizons for various calcium and phosphorus
treatments (October 2007).
a. Whole Soil b. HWEOM
Low Ca and P
High Ca
Low Ca
P
Reference
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Table 5.2: 13C NMR spectral distribution of organic functional groups for whole soil
from Ca and P treated plots in October 2006 in Oie and Oa horizons (mean ± standard
error).
Table 5.3: 13C NMR spectral distribution of organic functional groups for hot-water
extractable organic matter from Ca and P treated plots in Oie and Oa horizons in October
2006 (mean ± standard error).
% % % % % % % % % %
Alkyl C 25.5 27.1 27.0 26.3 28.6 29.3 33.0 33.2 30.3 31.8
± 0.9 ± 0.8 ± 0.3 ± 0.5 ± 0.9 ± 3.4 ± 1.7 ± 1.0 ± 1.3 ± 1.5
9.6 9.5 9.2 9.4 9.2 8.7 9.5 9.3 9.0 8.6
± 0.2 ± 0.2 ± 0.1 ± 0.3 ± 0.2 ± 0.4 ± 0.4 ± 0.3 ± 0.4 ± 0.2
O-Alkyl C 37.8 38.4 37.9 39.2 38.0 31.8 32.5 32.5 32.4 32.1
± 0.5 ± 0.5 ± 0.2 ± 0.4 ± 0.4 ± 1.3 ± 0.7 ± 0.6 ± 0.7 ± 0.5
Di-O-Alkyl C 7.6 7.4 7.5 7.7 7.3 6.3 6.3 6.3 6.6 6.3
± 0.1 ± 0.2 ± 0.0 ± 0.2 ± 0.1 ± 0.3 ± 0.2 ± 0.1 ± 0.4 ± 0.3
Aromatic C 10.5 10.0 10.1 9.8 9.8 12.9 10.1 10.2 11.5 11.2
± 0.2 ± 0.2 ± 0.2 ± 0.3 ± 0.4 ± 2.6 ± 0.5 ± 0.3 ± 0.7 ± 0.6
Phenolic C 3.2 2.8 2.9 2.9 2.7 3.7 2.9 3.0 3.8 3.5
± 0.3 ± 0.1 ± 0.2 ± 0.2 ± 0.2 ± 0.5 ± 0.2 ± 0.2 ± 0.2 ± 0.4
5.8 4.8 5.3 4.8 4.5 7.3 5.8 5.4 6.5 6.5
± 0.6 ± 0.1 ± 0.2 ± 0.2 ± 0.2 ± 0.5 ± 0.4 ± 0.3 ± 0.7 ± 0.6
Reference
Low Ca
and P
P High Ca
Amide/
Carboxyl C
N-Alkyl/
Methoxyl C
High Ca
Functional
Group
-----------------------Oie-------------------------- ---------------------------Oa------------------------
Low Ca Reference
Low Ca
and P
PLow Ca
% % % % % % % % % %
Alkyl C 20.2 22.8 19.1 19.8 20.5 16.4 14.7 15.3 15.0 14.3
± 0.7 ± 0.7 ± 1.7 ± 1.1 ± 0.9 ± 2.0 ± 1.3 ± 1.4 ± 0.4 ± 2.3
9.1 11.4 10.3 10.3 10.7 8.5 9.1 10.0 9.9 8.7
± 0.5 ± 0.5 ± 0.8 ± 0.5 ± 0.8 ± 0.8 ± 1.2 ± 0.8 ± 0.1 ± 1.8
O-Alkyl C 47.5 46.4 48.6 46.4 47.2 49.9 54.3 53.6 54.8 55.2
± 3.2 ± 2.8 ± 1.8 ± 1.5 ± 2.3 ± 4.7 ± 1.3 ± 1.0 ± 0.8 ± 1.7
Di-O-Alkyl C 8.1 6.8 8.0 8.1 7.3 9.0 9.7 9.0 9.6 9.2
± 0.4 ± 0.2 ± 0.6 ± 0.6 ± 0.3 ± 0.8 ± 0.5 ± 0.5 ± 0.2 ± 0.7
Aromatic C 5.5 3.4 4.6 6.0 4.5 4.9 5.6 3.0 2.9 4.4
± 1.2 ± 0.7 ± 1.0 ± 0.7 ± 0.8 ± 1.1 ± 3.0 ± 1.3 ± 0.3 ± 2.0
Phenolic C 1.7 1.3 1.3 1.7 1.5 2.0 2.4 1.6 0.8 1.0
± 0.8 ± 0.1 ± 0.2 ± 0.2 ± 0.5 ± 1.0 ± 1.4 ± 0.5 ± 0.2 ± 0.2
7.7 7.9 8.1 7.7 8.3 9.3 6.8 7.5 7.1 7.2
± 0.7 ± 1.3 ± 0.6 ± 0.2 ± 0.3 ± 2.6 ± 0.4 ± 0.5 ± 0.3 ± 0.5
N-Alkyl/
Methoxyl C
Amide/
Carboxyl C
---------------------------Oa------------------------
Functional
Group
-----------------------Oie--------------------------
High Ca Low Ca Reference
Low Ca
and P
P High Ca Low Ca Reference
Low Ca
and P
P
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Table 5.4: 13C NMR spectral distribution of organic functional groups for whole soil
from Ca and P treated plots in October 2007 in Oie and Oa horizons.
Table 5.5: 13C NMR spectral distribution of organic functional groups for hot-water
extractable organic matter from Ca and P treated plots in October 2007 in Oie and Oa
horizons.
% % % % % % % % % %
Alkyl C 27.2 28.0 28.7 26.7 27.5 37.9 40.4 34.3 38.4 37.8
N-Alkyl/
Methoxyl C
9.3 10.1 10.8 10.8 10.0 9.7 8.5 8.1 6.5 7.8
O-Alkyl C 41.2 41.0 40.8 42.3 40.7 35.6 32.0 31.8 39.0 34.1
Di-O-Alkyl C 7.2 7.4 7.7 7.7 7.6 4.5 4.6 6.2 3.8 4.8
Aromatic C 8.1 8.1 8.1 7.8 9.1 4.6 5.6 8.6 5.1 8.8
Phenolic C 2.0 1.6 1.7 2.3 2.2 0.3 0.8 2.6 0.2 1.6
Amide/
Carboxyl C
5.0 3.8 2.2 2.5 2.9 7.4 8.1 8.4 7.1 5.1
Functional
Group
------------------Oie---------------------- -----------------------Oa--------------------
High Ca Low Ca Reference
Low Ca
and P
P High Ca Low Ca Reference
Low Ca
and P
P
% % % % % % % % % %
Alkyl C 16.9 17.0 15.1 19.6 16.7 11.9 12.7 8.7 14.6 5.7
N-Alkyl/
Methoxyl C
8.0 8.8 8.0 9.5 8.9 8.2 9.4 7.3 7.4 3.6
O-Alkyl C 47.0 51.4 53.9 48.7 52.9 60.3 58.4 61.6 53.9 63.5
Di-O-Alkyl C 9.3 9.7 10.7 8.7 9.3 11.9 11.0 12.6 10.7 13.6
Aromatic C 6.8 4.5 3.1 5.0 3.7 1.8 3.0 2.7 3.7 6.0
Phenolic C 2.5 1.1 0.5 1.7 0.6 0.8 1.4 0.3 0.7 0.6
Amide/
Carboxyl C
9.4 7.4 8.5 6.7 7.8 5.1 4.0 6.8 9.1 7.0
P High Ca Low Ca
------------------Oie---------------------- -----------------------Oa--------------------
High Ca Low Ca Reference
Low Ca
and P
Reference
Low Ca
and P
P
Functional
Group
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Table 5.6: 13C NMR spectral distribution of organic functional groups for the whole soil
for Ca and P treated plots in October 2008 in Oie and Oa horizons.
Table 5.7: 13C NMR spectral distribution of organic functional groups for hot-water
extractable organic matter from Ca and P treated plots in October 2008 in Oie and Oa
horizons.
% % % % % % % % % %
Alkyl C 23.9 25.8 25.2 23.6 24.8 26.2 31.3 28.5 27.7 35.2
N-Alkyl/
Methoxyl C
9.1 9.4 9.5 9.3 9.1 9.7 9.7 9.1 8.7 8.0
O-Alkyl C 38.5 39.3 38.7 38.2 36.8 32.4 32.6 30.1 28.1 29.6
Di-O-Alkyl C 8.1 7.8 7.8 7.9 7.7 7.6 6.5 7.2 6.9 5.2
Aromatic C 11.3 10.4 10.3 11.4 12.0 14.0 11.2 12.5 13.4 10.8
Phenolic C 3.2 3.0 3.3 3.9 3.9 4.0 3.3 4.8 5.9 3.3
Amide/
Carboxyl C
5.9 4.3 5.3 5.8 5.6 6.1 5.4 7.8 9.2 7.9
Functional
Group
------------------Oie----------------------
High Ca Low Ca Reference
Low Ca
and P
P High Ca
-----------------------Oa--------------------
Low Ca Reference
Low Ca
and P
P
% % % % % % % % % %
Alkyl C 15.4 19.1 16.8 20.0 18.2 13.1 12.0 12.1 13.8 12.3
N-Alkyl/
Methoxyl C
8.4 9.5 9.6 10.3 9.2 8.8 8.3 8.5 10.0 8.7
O-Alkyl C 49.8 50.5 50.0 46.6 52.3 54.8 56.9 54.7 60.1 56.8
Di-O-Alkyl C 10.0 8.6 9.2 7.7 8.5 10.8 10.9 9.9 10.3 10.2
Aromatic C 6.7 3.4 5.4 5.1 3.6 4.5 4.4 5.4 0.8 4.2
Phenolic C 2.7 1.1 2.7 2.7 0.7 2.7 2.5 3.2 0.8 2.1
Amide/
Carboxyl C
7.0 7.8 6.2 7.5 7.4 5.3 5.1 6.1 4.3 5.6
Reference
Low Ca
and P
P High Ca Low Ca Reference
Low Ca
and P
P
Functional
Group
------------------Oie---------------------- -----------------------Oa--------------------
High Ca Low Ca
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5.3.2.2 Biomolecular Modeling
I used the integrated signal intensity in various NMR spectral regions with a molecular
mixing model (Chapter 4) to estimate the biomolecular composition for the Oie horizon
for October 2007 since this horizon showed the largest effects. I conducted these analyses
for the whole soil as well as the hot-water extractable organic matter (HWEOM) and
predicted the relative proportions of carbohydrates, proteins, lipids, and lignin. These
results are presented in Figures 5.5 and 5.6, respectively, for the soil and HWEOM. Since
I had obtained individual NMR spectra for all October 2006 replicate samples, I
calculated the standard errors for the High Ca plots of that sampling date and used them
in these figures to provide a sense of variability. The model predicted very little to no
carboxyl content for most samples and it is therefore not included in these figures.
The carbohydrate content of soil organic matter was about 50%, compared to 60-70% in
HWEOM (Figures 5.5 and 5.6). The whole soil samples did not show any significant
treatment effects in carbohydrate content. However, the hot-water extracts from the
calcium treatments had lower carbohydrate content than reference plots. Protein content
was higher in HWEOM compared to the whole soil from which it was extracted (Figures
5.5 and 5.6). I found a higher protein content in calcium-treated soils for whole soil
samples, but the HWEOM samples showed lower protein content after calcium treatment,
consistent with high C:N ratios presented earlier.
The whole soil samples exhibited slightly lower lignin and lipid content in calcium-
treated plots, compared to reference. However, for HWEOM, these values were higher in
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calcium-treated soils than in the reference plots. Overall, these modeling analyses suggest
that the hot-water extractable organic matter in calcium-treated soils has a lower content
of energy-rich biomolecules compared to reference soils.
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Figure 5.5: Composition of whole soil in Oie horizon for Ca and P treatments in October
2007, predicted using the molecular mixing model (Error bars represent standard errors
observed for whole soil samples from Oie horizon for High Ca treatment in October
2006).
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Figure 5.6: Composition of hot-water extractable organic matter (HWEOM) in Oie
horizon for Ca and P treatments for October 2007, predicted using the molecular mixing
model (Error bars represent standard errors observed for HWEOM samples from Oie
horizon for High Ca treatment in October 2006).
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5.3.3 Elemental Analysis
I explored the effects of High Ca, Low Ca (with and without P), and P treatment on the
C:N ratios of soil organic matter and its hot-water extractable fraction. These ratios for
Oie and Oa horizons for both the whole-soil and the hot-water extractable organic matter
for the four treatments and reference plots, respectively, are presented in Figures 5.7 and
5.8. These figures include the standard error (N=4) for all the sampling dates on which I
analyzed the replicate samples.
The values of C:N ratios ranged from approximately 18 to 24 for both Oie and Oa
horizon soils. These values are similar to the Hubbard Brook soils I analyzed in Chapter
3. I did not find any patterns or treatment effects in whole soils from either horizon.
However, I did observe an exceptionally high C:N ratio in the Oie horizon of the High Ca
treated plots right after the treatment in October 2006 (Figure 5.7).
HWEOM C:N values were lower than the whole soil, suggesting a higher relative
contribution from microbial sources. While the whole soil did not show any significant
treatment effects on C:N ratios, I found significantly higher C:N for the hot-water
extractable organic matter (HWEOM) in Oie horizons of the High Ca and Low Ca plots,
compared to reference plots in July 2007 (Figure 5.8). In July 2008, however, only the
High Ca treated plots had significantly higher C:N ratio compared to the reference plots.
The P-only treatment did not induce any changes in the C:N ratios of HWEOM.
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Figure 5.7: C:N ratios of whole soil for Ca and P treatments for (a) Oie and (b) Oa
horizons. Error bars represent the standard errors (N=4).
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Figure 5.8: C:N ratios of hot-water extractable organic matter for Ca and P treatments
for (a) Oie and (b) Oa horizons. Error bars represent the standard errors (N=4).
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The HWEOM C:N ratios in Oie horizons of the High Ca plots increased significantly for
the first year (July 2007) after treatment and then remained high the following year (July
2008). The reference plots showed no significant differences as a function of time,
suggesting that calcium treatment indeed led to higher C:N ratios. I observed a slight
increase in C:N ratios in Low Ca and Ca + P plots as well, but these differences were not
statistically significant.
For HWEOM, the average C:N ratios were generally higher in Oie horizons (10 to 18)
than in Oa horizons (9-14), consistent with my observation in Chapter 3. I did not find
any significant treatment effects for Oa-horizon C:N ratios for either the whole soil or
HWEOM.
5.3.4 Biodegradation Analysis
The analysis of hot-water extractable organic matter indicated that calcium treatment
leads to decreases in hot-water extractable organic carbon and the percentage organic
content of HWEOM. I carried out biodegradation experiments to understand whether
only the extractability of organic C was affected by these treatments, or whether there
was also a shift in the bioavailability of the organic matter in the soil.
The biodegradation study showed that the organic matter extracted from the Oie horizon
of the High Ca plots was the most degradable (~60% C loss over 6 weeks) out of the five
treatments, while the P treated plots showed the least biodegradation (~25%) by
indigenous microbes (Figure 5.9). This pattern suggests that while the extractability of
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organic matter decreases with calcium treatment, the biodegradability of the extracted
components increases. Most of the biodegradation occurred within first seven days of
incubation, followed by a plateau to six weeks. However, the experiments exhibited high
variability and with only three replicate experiments per treatment, the cumulative
biodegradation for the different treatments was not significantly different at 95%
confidence.
The only statistically significant difference at the end of the six week incubation period
was between the High Ca treated plots and P treated plots, the highest and the lowest
values, respectively. Treatment effects on biodegradation were only visible for Oie-
horizon soils. The Oa horizon hot-water extracts showed relatively low biodegradation
with very high variability and inconclusive results.
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Figure 5.9: Biodegradation (%C loss) of hot-water extractable organic matter in Oie and
Oa horizons computed using a dissolved organic carbon consumption method.
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5.4 Discussion
5.4.1 Effects of Calcium Treatment on Soil Organic Matter
This study was performed at two different levels of calcium treatment, one that was
estimated to bring the base status of Hubbard Brook soils back to pre-acid rain values in
forest ecosystems of the northeastern USA (Low Ca), and the other five times that
amount (High Ca). The Low Ca treatment did not induce a significant change in hot-
water extractable organic carbon (HWEOC) content in the soil. Consistent with my first
hypothesis, the HWEOC content of the soil treated with a high level of calcium decreased
significantly over the two-year study period. Therefore, my hypothesis is only partially
true and HWEOC variations in the soil depend on the amount of calcium applied. These
treatment effects were limited to the Oie horizon, where the observed short-term
chemical effects of Ca addition have been the greatest (Cho et al., 2010). While this study
is the first work on the influence of calcium treatment on hot-water extractable organic
matter, Belkacem and Nys (1995) observed no significant change in soil-solution
dissolved organic carbon concentration in a Mull humus layer over their 20 month
experimental period after liming with a relatively small amount of lime used.
The decrease in the content of HWEOC after high-level Ca treatment could be attributed
to two possible mechanisms. First, there may have been a decrease in the content of water
soluble structures in the soil organic matter due to calcium treatment. Second, the
extractability of water-soluble carbon may have been reduced due to calcium serving as a
binding agent reducing the solubility of organic matter. In the first mechanism, the
composition of the whole-soil organic matter would have been impacted with regards to
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the water-soluble structures such as carbohydrates and proteins. In the second
mechanism, the composition of soil organic matter would not show any large changes˗ 
only the water extractable fraction would be affected. I explored these alternatives by
studying the differences in the structural chemistry of soil organic matter in reference and
calcium-treated soils and hot-water extractable organic matter fractions.
For Oie horizon soils, whole-soil samples showed no significant differences in the O-
alkyl C fraction between reference and Ca-treated plots for 2006, 2007 or 2008. The
HWEOM fraction, however, showed a lower percentage of O-alkyl C in October 2007 in
high-Ca plots compared to reference plots, consistent with the second hypothesis of this
study. The molecular mixing model corroborated these predictions by showing a decrease
in the amount of carbohydrates in HWEOM upon Ca treatment, but not in the whole soil.
If the soil were being depleted in degradable organic fractions, this should have been
reflected in the whole soil NMR spectra, and not just the HWEOM spectra. The lower O-
alkyl C content for Ca-treated plots in HWEOM suggests that Ca treatment might be
affecting the extractability of organic matter as opposed to causing a shift in the overall
soil organic matter composition. The structural influences were also limited to only the
Oie horizon; the Oa horizon showed no discernible patterns or significant changes.
5.4.2 Microbial Activity in Calcium Treated Soil
To investigate the relationship between HWEOM and microbial processes, I examined
the relationships between HWEOC and microbial biomass and respiration in Oie
horizons for all treatments. Considering the heterogeneity of the soil, I found remarkably
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strong positive correlations for both of these microbial parameters with HWEOC content
(Figure 5.10). I found that both microbial biomass C and respiration increase as HWEOC
increases, consistent with the conclusion that HWEOC is a particularly bioavailable
fraction of soil C.
I studied how the biodegradation of hot-water extractable organic matter would be
affected by the treatment of the soils from which it was extracted. My biodegradation
study showed that even though the High Ca treated plots had the least amount of
extractable organic matter; this extracted material degraded the most out of all the
treatments. This observation suggests that the Ca treatment does not necessarily decrease
the degradable structures in soil, but only affects their solubility, perhaps through Ca-
organic matter binding. With increasing pH, solution pH increasingly exceeds the pKa
values of organic functional groups, making them ionized and more water soluble (Foster
et al., 1980).
The lowest biodegradation was found in the HWEOM extracted from the P-treated plots,
suggesting an inhibitory effect of phosphorus on biodegradation. P treatment has been
found to have both positive (Haynes and Swift, 1988; Poozesh et al., 2010) and negative
(Cleveland et al., 2002; Hobbie and Vitousek, 2000) effects on soil microbial activity.
Phosphate addition has been found to inhibit activity of some important enzymes for
microbial degradation including phosphatase, protease and sulphatase (Nannipierie et al.,
1978; Speir and Ross, 1978). In a parallel study conducted on soil microbial behavior for
these plots, Minick et al. (2011) found a decrease in N mineralization after P treatment
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when added with calcium. In my analysis of hot-water extractable organic carbon, I
found that the HWEOC content in soils from Low Ca treated plots was significantly
lower that reference plots only when the calcium was applied with phosphorus, further
suggesting an additive effects of P on the bioavailability of organic matter.
Figure 5.10: Correlation between hot-water extractable organic carbon and microbial
activity indicated by (a) microbial biomass carbon and (b) microbial respiration.
(Microbial data was obtained by courtesy of Dr. Peter Groffman).
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C:N ratios can also provide insight about microbial biomass and processes. The C:N
ratios of microbial biomass are much lower than soil organic matter derived from plant
material (Bohlen et al., 2003). Also, the C:N ratio of soil organic matter decreases during
decomposition and humification. For the whole soil, I found no significant differences
between the C:N ratios of reference and calcium or phosphorus treated plots, suggesting
little or no microbial response to the treatments. Persson et al. (1989) predicted that for
C:N less than 30, like Hubbard Brook soils, microbial stimulation due to liming would
increase N mineralization, whereas liming soils with greater C:N ratios would reduce N
mineralization. Minick et al. (2011) found that N mineralization did not change in Oe
horizons in this study for either Low or High Ca treatment, suggesting that microbial
activity in these soils have not been stimulated upon calcium application.
The C:N ratios of the HWEOM samples, however, were significantly higher in the High
Ca treated plots compared to the reference plots in the Oie horizon. In comparison to the
soil, HWEOM is enriched in proteinaceous matter probably derived from microbial
biomass and microbial residues (lower C:N for HWEOM, Chapter 3). Therefore the
HWEOM fraction may be a more sensitive substrate to microbially mediated changes
than the whole soil. A significant increase in the C:N ratio of HWEOM after calcium
treatment therefore may reflect a decrease in microbially derived material, an observation
consistent with the study of Groffman et al. (2006) for Hubbard Brook soils, but in
contrast to a number of studies that observed an enhanced microbial response to liming
treatment (Haynes and Swift, 1988; Persson et al., 1989, Badalucco et al., 1992; Felip and
Szili-Kovacs, 2010). The absence of a microbial response in this study may be partly due
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to the fact that wollastonite was used instead of lime. The dissolution of wollastonite, a
silicate mineral, results in a more modest pH increase than calcium carbonate dissolution.
Another possible factor contributing to an increase in the C:N ratio of HWEOM after
calcium application could be a shift in the type of microbial biomass. Fungi normally
have higher C:N ratios than bacteria (Griffin, 1985) and the increase in C:N may be an
indication of increased contribution from fungal biomass. Soil acidity has been found to
decrease fungal hyphae (Baath et al., 1980) and an increased pH due to calcium
application (Minick et al., 2011) may have stimulated fungal growth to a greater extent
than bacterial growth. An analysis of microbial diversity in hot-water extractable organic
matter may be useful in testing this hypothesis and could be explored further.
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6. Long-term Effects of Calcium Treatment on Soil Organic
Matter along an Elevation Gradient in the Northeastern USA
6.1 Introduction
Acid-sensitive soils in the northeastern USA have deteriorated in overall quality and
available calcium content due to a long history of acid rain (Driscoll et al., 2001). Liming
or other forms of calcium amendment may help to restore these acid-impacted systems to
their pre-acidification state. At the Hubbard Brook Experimental Forest in New
Hampshire, a watershed-scale study was initiated in 1999, in which wollastonite
(CaSiO3) was applied to replace soil Ca estimated to have been leached by acid rain
(Peters et al., 2004; Groffman et al., 2006; Cho et al., 2010). In that study, Cho et al.
(2010) observed increases in soil pH, exchangeable Ca, solution pH, acid neutralizing
capacity, and dissolved Si after the wollastonite addition. They found the greatest
chemical changes at higher elevations in the treated watershed.
In glaciated environments of New England, many higher elevation forests are
characterized by shallow soils with smaller pools of weatherable minerals and
consequently higher soil acidity, lower stream calcium, lower acid-neutralizing capacity,
lower cation exchange capacity, and shallow flow paths (Likens et al., 1996; Johnson et
al., 2000). Bohlen et al. (2001) investigated the microbial activity in Hubbard Brook soils
and found higher elevation soils to be associated with greater nitrification rates and
denitrification enzyme activity. An important link between soil chemical properties and
microbial behavior is the soil organic matter. In coarse-grained soils, soil organic matter
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governs the soil structure, water transport, and acid-base chemistry. Soil organic matter
also serves as an important microbial energy source (Metting, 1993). Within the soil
organic matter, the hot-water extractable fraction is highly correlated with soil microbial
biomass and has been found to be a sensitive indicator for the effects of soil fertilization
(Sparling et al., 1998; Ghani et al., 2003).
The chemical structure of both soil organic matter (SOM) and hot-water extractable
organic matter (HWEOM) has also been found to depend on elevation and vegetation
patterns (e.g., Bu et al., 2010; Djukic et al., 2010). The transition from hardwood
vegetation at lower elevations to conifers at higher elevations results in strikingly
different litter composition, and ultimately soil organic matter composition (Berg and
Laskowski, 2006). Higher elevations are associated with cooler and moister climates with
larger pools of soil C and N, lower rates of organic matter decomposition, and longer
turnover rates (Simmons et al., 1996a; Garten and Hanson, 2006). Cooler soil
temperatures have been found to result in soil organic matter being richer in labile
structures such as O-alkyl C (Faz Cano et al., 2002; Dalmolin et al., 2006) and poorer in
less degradable aromatic C (Faz Cano et al., 2002).
The purpose of this study was to examine the long-term impact of wollastonite (CaSiO3)
treatment on soil organic matter, with an emphasis on elevation patterns. Calcium
application has been found to influence soil microbial activity with contradicting results
(Chapter 5), but there is very limited knowledge on the effects of this treatment on soil
organic matter quality, especially in the long term (Lorenz et al., 2001; Rosenberg et al.,
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2003). While in Chapter 5 I explored wollastonite treatment effects 0 to 2 years after plot-
scale applications, here I investigate the soil organic matter and its hot-water extractable
fraction 7 to 9 years after the calcium treatment. I analyzed these effects at four different
elevations within both a calcium-treated and a reference watershed with elevation ranges
of 488-747 m and 549-792 m, respectively. The lowest three elevation zones in this study
have hardwood vegetation while the highest elevation plots are characterized with spruce,
fir, and white birch vegetation.
The specific hypotheses in the study were (1) the soil organic matter and its hot-water
extractable organic fraction will be richer in more labile structures (such as O-alkyl C) at
higher elevations; (2) The watershed treated with wollastonite will have fewer labile
structures in the soil organic matter compared to the reference watershed. I performed
this work for Oie and Oa horizons separately, since the structure of both the SOM and
HWEOM varies with soil depth (Chapter 3), as did the inorganic chemical response to
wollastonite treatment (Cho et al., 2010).
6.2 Methods
6.2.1 Site Description
This study was conducted at the Hubbard Brook Experimental Forest (HBEF), located in
the southern portion of the White Mountain National Forest in central New Hampshire
(43°56’N, 71°45’W). The HBEF has a humid-continental climate, with long, cold winters
(average January temperature: -9°C) and short, cool summers (average July temperature:
19°C). Average annual precipitation for this region is 139.5 cm with 30% falling as snow
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and a snowpack depth of up to 1.5 m (Federer et al, 1990). The HBEF is a second-growth
forest with an average age of 90 years. Boreal vegetation including red spruce (Picea
rubens Sarg.), balsam fir (Abies balsamea [L.] Mill.), and white birch (Betula papyrifera
Marshall) occurs at higher elevations, and the northern hardwood species sugar maple
(Acer saccharum Marshall), American beech (Fagus grandifolia Ehrh.), and yellow birch
(Betula alleghaniensis Britton) dominate at lower elevation (Juice et al., 2006).
The soils of the HBEF are diverse. Most common are coarse-textured, well-drained
Spodosols (Typic Haplorthods) originated from glacial till. The average depth of the O
horizons is 6.9 cm (Johnson et al., 1991). The average pH in these surface organic
horizon ranges from 3.4 to 4.0 (Johnson et al., 1991). Soil samples for this study were
collected from watershed-1 (W1) and near watershed-6 (W6), with elevations ranging
from 488 m to 747 m and 549 to 792 m, respectively. The partially decomposed litter and
the fibrous layer (the Oi and Oe horizons) were collected as one sample and are referred
to here as the Oie horizon. The highly decomposed humic layer (Oa horizon) was also
sampled. These samples were collected from four different elevation zones within each
watershed, the highest in the boreal Spruce/Fir/Birch (SFB) zone (~790 m), and the
others in High (~750 m), Mid (~600 m), and Low (~525 m) elevation hardwood zones.
Watersheds 1 and 6 are similar in climatic conditions (Federer et al., 1990); however,
they differ in their treatment history. W6 is the biogeochemical reference watershed at the
HBEF, while W1 was treated with wollastonite (CaSiO3) in October 1999. An amount
equivalent to 850 kg Ca/ha was added by helicopter in an attempt to bring the base
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saturation from the then-current value of 10% to the estimated pre-acid-rain value of
19%. The average time for wollastonite to dissolve was estimated to be approximately 7
years (Peters et al., 2004). The soil samples for this study were collected in July and
October of 2006, and May, July, and October of 2007 and 2008. For each sampling event,
five forest floor samples were collected from each elevation in each watershed. The five
samples were separated by horizon, then pooled together for each site and sampling date
for laboratory analyses. I found no significant differences among the three years for any
of the response variables. I therefore treated the years as replicates for each season for
statistical purposes. The samples were stored moist at 4 °C until extraction and then dried
at 80 °C and stored for loss-on-ignition, elemental analyses, and solid-state nuclear
magnetic resonance (NMR) spectroscopy.
6.2.2 Hot-water Extraction and Chemical Analyses
The Oie and Oa horizons for this study were subjected to hot-water extraction, as
described in detail in Chapter 3. Hot-water extraction was performed by pooling the five
replicates on an equal dry-mass basis. For whole-soil analyses, each replicate was dried
and ground separately and then combined on an equal mass basis. An aliquot of the
extracted organic matter was analyzed for dissolved organic carbon. The remaining
extract was freeze-dried. The freeze-dried hot-water extractable organic matter
(HWEOM) was analyzed for loss-on-ignition, elemental composition, and NMR spectral
properties following the procedures outlined in Chapter 3. The percentages of spectral
intensity attributable to alkyl C, O-alkyl C (methoxyl, O-alkyl, and di-O-alkyl C), aryl C,
O-aryl C, and carbonyl C (carboxyl and amide C) were computed using the chemical
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shift assignments in Table 2.1. The dried soil samples were also analyzed for organic
matter content, loss-on-ignition, and elemental composition for all sampling dates. The
13C cross polarization with magic angle spinning (CPMAS) and dipolar dephasing (DD)
NMR spectra were collected for whole-soils from only the October samples.
6.2.3 Statistical Analyses and Data Representation
For quality control and quality assurance during the experimentation, blank and control
standards were used after every ten samples for dissolved organic carbon and elemental
analyses. Duplicate samples were analyzed at random to ascertain the reproducibility of
the data. I used Tukey’s honestly significant difference with an error rate of 5% and a
confidence level of 95% to compare elevations or watersheds for each of the analyses
performed. As mentioned earlier, I combined five replicates for each sampling event to
get a representative sample for each elevation, watershed, and horizon, and then
combined the three years based on each seasons, resulting in two data points for May
(2007 and 2008) and three data points for July and October (2006, 2007, and 2008). I
used the standard errors based on these two or three data points in the figures and tables.
6.3 Results
6.3.1 Quantitative Estimates of Soil Organic Matter
6.3.1.1 Dissolved Organic Carbon Analysis
The results of the hot-water extractable organic carbon (HWEOC) measurements are
presented in Figure 6.1. The Oie horizon had greater hot-water extractable organic carbon
(per gram of soil) than the Oa horizon in both reference and wollastonite-treated
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watersheds at each elevation. There is a general decreasing pattern with decreasing
elevation for all watersheds and horizons. Soils in the Spruce/Fir/Birch (SFB) elevation
zone of the reference watershed had HWEOC contents that were significantly higher than
the three lower elevations in the Oie horizon, and higher than the lowest two elevations in
Oa horizon. In W1, HWEOC content was significantly higher in SFB Oa horizons than
those in mid and low elevations, but no differences were observed among elevations in
Oie horizons. The long-term treatment effects of wollastonite were only visible in Oie
horizons of the SFB zone, which showed significantly lower HWEOC content compared
to the reference watershed (W6).
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Figure 6.1: Hot-water extractable organic carbon in Oie and Oa horizons of calcium-
treated (W1) and reference (W6) forests along an elevation gradient (mean ± standard
error, N=3).
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6.3.1.2 Loss-on-ignition Analysis
Organic matter content for the whole-soil and hot-water extractable organic matter
(HWEOM) was determined using loss-on-ignition and is presented for the October
samples in Figures 6.2a and 6.2b, respectively. For the whole soils, the Oie horizon had
greater organic matter content than the Oa horizon in both treated and reference
watersheds at all elevations (Figure 6.2a). Reference (W6) and calcium-treated (W1)
watersheds had significantly different organic content only in Oa horizons in the low-
elevation zone. Soils from both Oie and Oa horizons in the SFB zone in W1 had
significantly higher soil organic matter content than mid and low elevations. For W6, no
significant elevational differences in organic matter content were observed for Oie
horizons, but for the Oa horizon, the organic matter content decreased with elevation
from SFB to mid elevation, but increased at low elevation.
There were no significant differences in the organic matter content of hot-water
extractable organic matter (HWEOM) from Oa and Oie horizons, in either watershed.
The HWEOM content in W1 Oie horizons was uniformly lower than in W6 HWEOM.
No elevation patterns were observed for W1 in either horizon or in the Oie horizon for
W6, but similar to the whole soil, the Oa horizon in W6 had significantly higher value in
the SFB zone compared to high and mid elevations.
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Figure 6.2: Organic matter content of (a) whole soil and (b) hot-water extractable
organic matter (HWEOM) for W1 and W6 in four different elevation zones for Oie and
Oa horizons (mean ± standard error, N=3).
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6.3.2 Structural Variations in Soil Organic Matter
6.3.2.1 van Krevelen Diagram
The H:C and O:C ratios were explored with a van Krevelen diagram and compared to
model compounds present in forest soils (described in detail in Chapter 3). Figures 6.3
and 6.4 compare the treatment effect of calcium amendments and the effects of elevation,
respectively, on the composition of whole soils and hot-water extractable organic matter
(HWEOM).
Whole soils showed a great deal of variability, but no differences between the treated and
reference watersheds (Figure 6.3) or between SFB and low elevations (Figure 6.4). The
HWEOM samples appeared to occupy slightly different positions for W1 compared to the
reference watershed, indicating a possible treatment effect even seven years after the
treatment (Figure 6.3). On the whole, HWEOM samples collected from W6 had higher
H:C ratio for the same O:C ratio compared to W1. The HWEOM present at low elevation
appeared to be richer in soil polysaccharides, while that from SFB zone lies more toward
the lignin composition (Figure 6.4). These results, however, were not significant for
differences between watersheds for H:C and O:C ratios.
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Figure 6.3: van Krevelen diagrams presenting a comparison of H:C and O:C ratios in (a)
whole soil and (b) hot-water-extractable organic matter (HWEOM) from W1 and W6.
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6.3.2.2 Nuclear Magnetic Resonance Analyses
Figure 6.5 presents examples of solid-state 13C cross polarization with magic angle
spinning (CPMAS) nuclear magnetic resonance (NMR) spectra of whole soils and hot-
water extractable organic matter from the reference watershed (W6) for the Oie horizon.
Interpretation and integration categorized these signals based on the following regions
(Baldock and Smernik, 2002): alkyl C (0-45 ppm), O-alkyl C (45-110 ppm), aryl C (110-
144 ppm), O-aryl C (144-165 ppm), and carbonyl C (165-190 ppm). I integrated the area
within these regions to estimate the percent contributions from these major functional
groups. The results are plotted in Figures 6.6- 6.9 for the reference and calcium-treated
watersheds for the whole soil and the HWEOM in both Oie and Oa horizons.
The alkyl C region in the whole soil contained a large peak at 30 ppm (Figure 6.5),
indicating the presence of mobile methylene (-CH2-) groups in aliphatic rings or chains as
well as terminal methyl groups (Rosenberg et al., 2003; Balaria et al., 2009). This peak
appeared to decrease in relative intensity with decreasing elevation for Oie as well as Oa
horizon soils for both control and Ca treated watersheds. These elevation-related
differences, however, were not statistically significant. Alkyl C accounted for 30-40% of
the signal intensity in the soil organic matter. While similar in value for Oie and Oa
horizon of the reference watershed, Oa horizons in the calcium treated watershed had
greater percentage of alkyl C than Oie horizons (Figures 6.7 and 6.8).
The HWEOM spectra contain a very small and broad peak in the alkyl C region, as
opposed to the large peak in the whole soils from which this organic matter water was
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extracted. I found no significant effect of elevation or calcium treatment on the alkyl C
content of HWEOM samples.
The O-alkyl C region includes the peaks for methoxyl/N-alkyl C (45-60 ppm), non-
aromatic ring O-alkyl C (60-90 ppm), and di-O-alkyl anomeric C (90-110 ppm). All
spectra included a 55 ppm shoulder, indicative of methoxyl C. This region also exhibited
no patterns with elevation in either Oie or Oa horizons for the whole soil. For hot-water
extractable organic matter (HWEOM), the O-alkyl C region presented the largest
contribution to the CPMAS spectra, suggesting their richness in carbohydrates and more
biodegradable molecules (Balaria et al., 2009). O-alkyl C represented 60%-80% of the C
in HWEOM. There was no elevation-related pattern for O-alkyl C, although the Oa
horizon had a higher percentage than the Oie horizon, as observed previously in Chapter
3. The percent distribution values for W1 and W6 were similar in these regions,
indicating an absence of treatment effects seven to nine years after the calcium treatment.
The aryl C (110-144 ppm) and O-aryl C (144-165 ppm) regions represent aromatic C-
H/C-R (e.g., in guaiacyl lignin) and C-OR (e.g., in syringyl lignin), respectively,
suggesting the contributions from conifer and hardwood vegetation. These peaks were
very small for all CPMAS spectra in both Oie and Oa horizons, indicating minor
contributions from lignin or lignin derivatives in our soils. The O-aryl peak was however,
a little larger in the lower elevations than the spruce/fir/birch zone. These peaks
accounted for a very small proportion of the total signal with values around 8-12% and 3-
6% in the aryl and O-aryl C regions, respectively (Figures 6.6 and 6.7). These values
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were similar for Oie and Oa horizons, and had no specific pattern with elevation in the
reference watershed. The calcium-treated watershed appeared to have an increasing
pattern with decreasing elevation, but it was statistically insignificant. For HWEOM, both
aryl and O-aryl C contributed less than 8% of the signal intensity in from both
watersheds. No significant elevation or calcium-treatment effect was observed for these
regions for HWEOM either.
The carbonyl C region (165-190 ppm) includes contributions from carboxylated and
amide structures in proteins, fatty acids, and degraded lignins (Rosenberg et al., 2003).
This peak was very small compared to the alkyl and O-alkyl C peaks for the CPMAS
spectra of the whole soil samples, suggesting minimal contributions from these
biomolecules. Carbonyl C values were slightly higher for W6 compared to W1, but W6
also had a high variability, making it difficult to draw any conclusions. These values were
approximately 6-8% for the HWEOM from these two watersheds. There was no
elevation-related pattern in the carbonyl C region.
135
Figure 6.5: Solid-state cross polarization with magic-angle spinning (CPMAS) 13C
nuclear magnetic resonance spectra of the Oie horizon in W6 for (a) whole soil and (b)
HWEOM at four different elevations: Spruce/fir/birch (SFB), High, Mid, and Low.
a. Whole Soil b. HWEOM
SFB Zone
High
Elevation
Mid
Elevation
Low
Elevation
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Figure 6.6: Distributions of major C forms in soil organic matter from organic horizons
at different elevations in W6 (mean ± standard error, N=3). (SFB: Spruce/Fir/Birch Zone)
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Figure 6.7: Distributions of major C forms in soil organic matter from organic horizons
at different elevations in W1 (mean ± standard error, N=3). (SFB: Spruce/Fir/Birch Zone)
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Figure 6.8: Distributions of major C forms in hot-water extractable organic matter
derived from organic horizons at different elevations in W6 (mean ± standard error,
N=3). (SFB: Spruce/Fir/Birch Zone)
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Figure 6.9: Distributions of major C forms in hot-water extractable organic matter
derived from organic horizons at different elevations in W1 (mean ± standard error,
N=3). (SFB: Spruce/Fir/Birch Zone)
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6.3.2.3 C:N Ratios
Elemental analyses were performed to estimate the C:N ratios of the soils in calcium-
treated and reference watersheds at all four elevations. Figure 6.10 presents the C:N
ratios of Oie and Oa horizon soils and hot-water extractable organic matter (HWEOM)
for samples collected in October 2006-2008. I found no significant difference in C:N
ratios between the reference and treated watershed at any elevation in either the Oie or
Oa horizon. The Oie and Oa horizons also had similar C:N ratios in both whole soils and
HWEOM for all elevations and treatments.
The C:N ratios for the reference watershed (W6) differed at different elevations for both
the whole soil and HWEOM (Figure 6.10). I found a higher C:N ratio in the
Spruce/Fir/Birch zone as compared to the upper deciduous zone soils: greater than high
elevation for Oie and greater than high and mid elevation for Oa. Within the deciduous
region, high and mid elevations had lower C:N ratios than the low elevation zone for both
Oie and Oa horizons in whole soil as well as HWEOM. W1, however, showed no
significant differences among different elevations for either Oie or Oa horizon.
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Figure 6.10: C:N ratios of (a) whole soil and (b) hot-water extractable organic matter
(HWEOM) for W1 and W6 in four different elevation zones for Oie and Oa horizons
(mean ± standard error, N=3).
142
6.4 Discussion
This study illustrates elevational patterns of soil organic matter chemistry in the northern
hardwood forest at Hubbard Brook and provides an understanding of the long-term
effects of calcium treatment on a watershed scale for these soils. In the following
sections, I discuss the details of the effects of these variations.
6.4.1 Influence of Elevation on Soil Organic Matter Composition
Higher elevations have been associated with greater soil organic C stocks (Johnson et al.,
2000; Garten and Hanson, 2006), but not necessarily higher microbial activity (Bohlen et
al., 2001). I expected to find a significantly increasing pattern in soil organic matter
content with increasing elevation as well as increasing hot-water extractable organic
carbon yield and loss-on-ignition. For W6, Oie horizons in the SFB zone soils were
significantly higher in HWEOC yield than the three lower elevations, and SFB Oa
horizons had greater HWEOC than the two lowest elevations (Figure 6.1). The lower
three elevations, all in hardwood zones, had no significant differences amongst each other
in organic matter or HWEOC content. This indicates that there might be an important
link between vegetation patterns and soil organic C for these soils, which needs to be
explored further. In W1, similar results were obtained for Oa horizons but no significant
differences were observed for the Oie horizon, suggesting that Ca-treatment may have
lowered HWEOC in SFB Oie horizons.
Total organic matter content, as shown by loss-on-ignition, was also significantly higher
in SFB-zone soils compared to lower elevations, further suggesting that Hubbard Brook
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soils are richer in soil organic C in the SFB zone (Figure 6.2). Soil temperature is likely
an important factor in these patterns. Soils at higher elevations are relatively cooler,
perhaps resulting in lower rate of organic matter decomposition. Lower soil temperatures
have been associated with higher soil organic matter content in some previous studies
(Hart and Perry, 1999; Kane et al., 2005). For Hubbard Brook soils, however, Bohlen et
al. (2001) found greater microbial biomass carbon and nitrogen at higher elevations in the
reference watershed, indicating the complex nature of soil-microbial-vegetation
interactions.
These interactions can be further explored by a structural evaluation of the soil organic
matter and HWEOM using elemental analyses and NMR spectroscopy. I found no
significant differences in H:C and O:C ratios with elevation for either HWEOM or the
whole soil (Figures 6.3 and 6.4). The patterns for C:N ratios were different between the
two watersheds. While W1 showed no significant elevational effects, the C:N ratios were
higher in the spruce/fir/birch (SFB) zone as compared to the upper deciduous region for
the reference watershed (Figure 6.10). Microbial activity is generally related to
preferential consumption of soil organic C, resulting in a lower C:N ratio of soil organic
matter. Lower microbial activity in the SFB zone, perhaps due to lower bioavailable
organic C content of the soil or other climatic factors (e.g. soil temperature), may be
responsible for the higher C:N ratios I observed. Therefore a study of these structures
using advanced tools such as NMR spectroscopy may be helpful in understanding these
interactions.
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The NMR spectra of whole soils showed an increase in aryl and O-aryl C in Oa horizons
with decreasing elevation, suggesting that soils at lower elevations might be richer in
their lignin content, which is rather recalcitrant towards microbial consumption (Figures
6.6 and 6.7). Warmer soils have been found to be richer in their aromatic C content,
indicative of the accumulation of lignin and lignin derivatives during decomposition (Faz
Cano et al., 2002).
Hot-water extractable organic matter had slightly different positions in the van Krevelen
diagram for the low elevation and SFB zone (Figure 6.4). The HWEOM obtained from
soils at low elevation was closer to the soil polysaccharide region, while that from SFB
zone soils was a little lower in position toward the lignin region. Bu et al. (2010) found
that HWEOM from higher elevations was rich in aromatic moieties compared to lower-
elevation soils.
The NMR spectra of HWEOM in this study showed no significant pattern for aryl C and
O-aryl C in either watershed. Moreover, I didn’t find any differences with elevation in
alkyl C or O-alkyl C for either the whole soil or HWEOM. Thus, while there is some
indication of high-elevation soils having fewer lignified structures, there is no direct
elevational pattern in the most biodegradable compounds such as carbohydrates. This
uniformity in organic matter structure with elevation may be the reason that carbon
mineralization was found to be similar at different elevation in the soils of reference
watershed (W6) for Hubbard Brook (Bohlen et al., 2001).
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6.4.2 Long-term Effects of Calcium Treatment
The effects of wollastonite treatment on hot-water extractable organic carbon (HWEOC)
content seven years after the application were only visible at high elevations. Cho et al.
(2010) also observed that wollastonite treatment had the greatest effects on soil chemistry
in the SFB zone. I found a significantly higher amount of hot-water extractable organic
carbon in the SFB zone in W6 compared to W1, consistent with the calcium binding with
water soluble organic carbon, as explored in Chapter 5. The overall organic matter
content was greater for W1 compared to W6 at higher elevations, which may be due to a
slower rate of biodegradation of organic matter in W1, suggesting a possible negative
effect of calcium treatment on microbial activity (Groffman et al., 2006).
In this study, C:N ratios were not significantly different for the two watersheds at any
elevation (Figure 6.10). Belkacem and Nys (1995) observed a decrease in C:N for O and
A horizon after liming for a Moder humus. They also found a slight increase in the O
horizon of mull humus after liming. A lower C:N ratio indicates enhanced microbial
activity since on decomposition of organic matter, C leaves as CO2 while N leaves as
nitrate, which in part may get assimilated in the soil organic matter structure (Neale et al.,
1997; Rosenberg et al., 2003). The similar C:N ratios between the two watersheds 7-9
years after the treatment indicates that any treatment effects were short-lived. Ingerslev
(1996) also observed a lack of effect on C:N ratios in conifer forests in Denmark 8 years
after liming.
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Long-term effects of liming on organic matter functional groups using CPMAS NMR
spectroscopy have previously been studied for German soils in spruce forests. Lorenz et
al. (2001) found no significant differences in NMR spectra between limed and control
soils in three of the four soil types studied 7-13 years after treatment. However, in the
fourth soil (a Dystric Luvisol), they found lower O-alkyl C intensity for the limed plots.
A decrease in the alkyl C/O-alkyl C ratio and in alkyl C content was observed by
Rosenberg et al. (2003) 4-11 years after liming, and was attributed to an increase in fine
root input in Oe and Oa horizons after liming, causing O-alkyl C to increase. I found no
significant differences between the organic structures of control and calcium treated
watersheds for any elevation (Figures 6.6-6.9).
While in the short-term study I had found some influence of calcium treatment on O-
alkyl C in HWEOM (Chapter 5), that effect was only significant for substantially higher
dose of calcium, five times the dose that was used here. The lack of response after 7-9
years of low-dosage calcium treatment is therefore not surprising. The whole soil organic
matter showed no significant changes in neither short nor long term. This study therefore
suggests that any Ca-related effects on the structure of the soil organic matter, as well as
its bioavailable fraction, do not persist in the long-term.
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7. Conclusions
7.1 Synthesis
In this dissertation, I studied the short- and long- term effects of calcium treatment on soil
organic matter in a forest soil in the northeastern USA. I presented a comprehensive
evaluation of the structural chemistry of soil organic matter and its labile fraction: hot-
water extractable organic matter (HWEOM). I assessed how these structures and their
biomolecular composition vary with soil depth within the forest floor. After having
characterized the structure of these organic substrates in the soil, I studied how calcium
amendment affects the chemistry of soil organic matter and HWEOM in the presence and
absence of phosphorus application in a three-year plot-scale study. Then I evaluated the
long-term effects of calcium treatment along an elevation gradient within these soils on a
watershed scale. This chapter includes the main findings from these studies.
7.2 Structural Characterization of SOM and HWEOM
In Chapters 3 and 4 I explored the structural chemistry and biomolecular composition of
soil organic matter and its hot-water extractable fraction. I hypothesized that the
structures of these two soil-derived materials would be different and that hot-water
extractable organic matter (HWEOM) would be richer in more labile components such as
carbohydrates and proteins.
I found that HWEOM had a significantly lower C:N ratio compared to the soil from
which it is extraceted, indicating its richness in N-containing compounds such as
148
proteins, possibly obtained from microbial sources. Analysis using a van Krevelen
diagram of H:C vs O:C indicated that HWEOM had an elemental composition closer to
carbohydrates and soil polysaccharides compared to the whole soil, which plotted closer
to the lignin region in the diagram.
Analysis using 13C nuclear magnetic resonance spectroscopy found significantly higher
alkyl C fractions in the whole-soil spectra compared to the hot-water extracts, indicating
that the soil contained more recalcitrant compounds such as lipids, waxes, and suberin,
which were not extracted by hot water. Soil organic matter was also richer in lignin-
derived functional groups containing aryl and O-aryl C. HWEOM, on the other hand, had
O-alkyl C as its single most significant component, indicating an abundance of
carbohydrates.
These spectral intensities were then used for predicting the molecular composition of the
soil organic matter and HWEOM using a molecular mixing model. This model, explained
and explored in Chapter 4, found a higher percentage of carbohydrates and proteins in the
HWEOM compared to the whole soil in Oe and Oa horizons. Lignin, on the other hand,
was more abundant in the whole soil, as predicted by van Krevelen diagram and the
NMR spectra. The lipid fraction was also significantly greater in the whole soil compared
to the HWEOM in all horizons and plots investigated.
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7.3 Depth Patterns in SOM and HWEOM Composition
I studied the depth-related changes in organic matter composition within the forest floor
in the first phase of my study and presented them in Chapters 3 and 4. I hypothesized that
deeper soil horizons would contain more degraded organic matter and would be richer in
relatively more recalcitrant components such as lipids and lignin as opposed to labile
fractions such as carbohydrates. The hot-water extractable organic matter was predicted
to show a different chemical distribution with the soil profile than the whole soil from
which it was extracted.
I found that C:N ratios were significantly higher for the Oi horizon than the Oe and Oa
horizons for both the whole soil and the hot-water extractable organic matter. The NMR
spectra showed a number of interesting patterns. As hypothesized, the soil became richer
in alkyl C and poorer in O-alkyl C with increasing depth (and degree of decomposition).
The HWEOM, however, showed the opposite pattern, decreasing in alkyl C and
increasing in O-alkyl C with increasing depth, suggesting that HWEOM contains more
labile fractions with depth. It must be noted that these patterns are for percentage
distribution and thus the distribution of one component influences the distribution of
other components. Both the soil carbon concentration and HWEOM amount decreased
with increasing depth, so the amount of O alkyl C extracted in hot water decreased with
depth as well. The contribution from aryl and O-aryl C functional groups remained
constant or decreased with soil depth for both the whole soil and the hot-water extractable
organic matter.
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The lignin percentage predicted by the molecular mixing model decreased with
increasing depth. This may be due to the hydrophobic nature of these compounds causing
them to sorb to the upper layers of the soil as opposed to migrating deeper with the water
infiltration. The modeled protein composition remained fairly constant with the soil depth
within the forest floor and was only slightly lower for the Oi horizon compared to the
deeper layers for both the whole soil and the HWEOM.
7.4 Elevation-related Variations in SOM and HWEOM
Chapter 6 presented a study of the structural changes in soil organic matter (SOM) and its
hot-water extractable fraction (HWEOM) in four elevation zones, ranging from the
spruce/fir/birch (SFB) zone at the top of the watersheds to the deciduous forest at lower
elevations. I found that soils in the SFB zones were richer in soil organic matter and its
hot-water extractable fraction compared to the lower elevations. This is likely due to
lesser decomposition of this organic matter in the colder soils at higher elevation. The
soils in the SFB zone had greater C:N ratios than those in the high and mid elevation
deciduous zones, possibly indicating lower rate of microbial activity.
The NMR spectra of the soils and HWEOM collected along the elevation gradient
suggested that the soils at the lower elevations were richer in lignin content as indicated
by aryl C and O-aryl C patterns. These spectra showed no significant patterns in O-alkyl
C abundance for either the whole soil or the HWEOM along the elevation gradient,
suggesting that there were no elevation-related patterns in carbohydrate content.
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The lack of major differences in substrate quality over an elevation range of 300-400 m
and between different vegetation types is an important characteristic to note for these
soils and requires further consideration. It has been suggested by a previous study on soil
microbes at Hubbard Brook that for these forests, microbial activity depends more
strongly on the parent material forming the soil rather than soil texture or vegetation
(Bohlen et al., 2001). Similar phenomena may govern the composition of soil organic
matter, a possibility that warrants further study. This anomalous behavior of these soils
compared to previous studies on European soils could be attributed to the difference in
soil parent material owing to how the organic matter and soil microbes behave. A
comparative evaluation of soil organic matter composition at Hubbard Brook and soils
from other regions of the US and Europe may help us answer these questions.
7.5 Short and Long-term Effects of Calcium Treatment on SOM Chemistry
The short-term effects of calcium treatment on the soil organic matter in the northeastern
US soils are explored in Chapter 5 at different calcium concentrations and in the presence
and absence of additional phosphorus. I found that the hot-water extractable organic
matter content decreased significantly after calcium treatment for the Oie horizons of
plots treated with high amounts of calcium. Plots treated with low amounts of calcium
only showed significant changes in HWEOC content of the soil when applied with
phosphorus, suggesting an additive effect of the two treatments. A lower amount of
HWEOC in the soil organic matter is an indication that calcium affects the extractability
of the organic structures, possibly due to cation bridges binding the labile structures to
the mineral soil particles. These treatment effects were limited to Oie horizon for all plots
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and no significant differences between pretreatment and post-treatment values were
observed for the underlying Oa horizon.
In Chapter 6, I evaluated the long-term effects of calcium application on a watershed
scale seven to nine years after the treatment, and found that the reference and calcium
treated plots were only significantly different in HWEOC amounts for Oie horizons of
the highest elevation spruce/fir/birch zone. These soils likely have a slow organic matter
turnover rate due to cooler climate and thus still exhibit the calcium treatment effects.
I determined the organic matter content of the soil organic matter and its hot-water
extractable fraction using loss-on-ignition analyses. I found no significant differences in
the whole soil in either the short- or long-term. However, the hot-water extractable
organic matter in the Oie horizon showed a significant short-term decrease in its organic
matter content for high Ca treated plots, possibly due to leaching of dissolved organic
carbon upon the pH increase induced by the wollastonite treatment.
The whole soil showed no statistically significant differences between C:N ratios of
reference and treated soils in either the short or long term. However, the C:N ratios of the
hot-water extractable organic matter were significantly higher for Oie horizon of the high
Ca treated plots compared to the reference plots in the short-term treatments. These
effects did not persist in the longer term.
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Nuclear magnetic resonance spectroscopy was performed to analyze any structural
changes in the SOM or HWEOM structures upon calcium treatment. I found no
significant differences between the reference and calcium-treated soil organic matter. The
hot-water extractable organic matter, however, decreased in O-alkyl content during the
first year of Ca treatment. O-alkyl content reflects soil carbohydrates, which were
modeled using molecular mixing modeling and were also observed to decrease in
abundance in the HWEOM after the treatment. A decrease in the O-alkyl content of hot-
water extractable organic matter, but not in the whole soil, indicates that calcium
treatment affected the extractability of labile structures. These structures remain in the
soil, but are less available to the microbial community. This decrease, however, did not
persist in the long-term. I observed no significant difference between the structures of
reference and Ca-treated watersheds.
This subtlety of calcium treatment effects at Hubbard Brook, despite the steep slopes and
shallow soil depths, may have been due to the fact that wollastonite was used for these
experiments. Wollastonite (calcium silicate) is chemically a rather “milder” form of
liming agent compared to the other forms such as calcium hydroxide or calcium
carbonate, which lead to dramatic changes in soil pH. A substantial change in soil pH,
which other forms of liming may cause, may have been a reason for the more dramatic
shifts in microbial culture found in some of the European studies conducted in acidic
soils. A pilot/watershed-scale experiment with other forms of calcium applications (e.g.
calcium carbonate) may help us clarify whether it was the liming agent that led to the
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lack of changes in substrate quality that we observed, or if Hubbard Brook soils are
themselves highly buffered with respect to these changes.
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Appendices
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Appendix 1: Location and elevation of Ca/P treatment plots.
Plot # N W Elevation (ft) Treatment
1 43o 56.95' 71o 43.12' 1613 High Ca++
2 43o 56.96' 71o 43.11' 1637 High Ca++
3 43o 56.96' 71o 43.12' 1632 Low Ca++
4 43o 56.96' 71o 43.13' 1623 Reference
5 43o 56.94' 71o 43.13' 1589 Low Ca++ and P
6 43o 56.93' 71o 43.13' 1568 Low Ca++
7 43o 56.92' 71o 43.13' 1560 Reference
8 43o 56.92' 71o 43.14' 1561 Low Ca++
9 43o 56.92' 71o 43.14' 1547 High Ca++
10 43o 56.95' 71o 43.11' 1622 Low Ca++ and P
11 43o 56.96' 71o 43.09' 1642 P
12 43o 56.88' 71o 43.18' 1468 Low Ca++ and P
13 43o 56.90' 71o 43.17' 1518 P
14 43o 56.91' 71o 43.23' 1534 Reference
15 43o 56.92' 71o 43.11' 1559 P
16 43o 56.92' 71o 43.10' 1568 Reference
17 43o 56.93' 71o 43.08' 1586 Low Ca++
18 43o 56.94' 71o 43.07' 1601 Low Ca++ and P
19 43o 56.94' 71o 43.08' 1613 High Ca++
20 43o 56.93' 71o 43.13' 1581 P
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Appendix 2: Average soil moisture (%).
Ca/P Study
Sample Oie Oa
July06 70.81 53.76
Oct06 66.97 50.17
May07 68.24 52.51
July07 65.62 49.30
Oct07 55.04 43.30
May08 62.89 46.79
July08 63.38 48.61
Oct08 66.88 48.91
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Elevation Study
Watershed 1 Watershed 1
SFB zone Average soil moisture (%) High Elevation Average soil moisture (%)
Season Oi/Oe Oa Mineral Season Oi/Oe Oa Mineral
July06 75.69 71.78 44.32 July06 54.22 46.55 36.88
Oct06 73.28 68.34 43.14 Oct06 64.87 51.20 36.87
May07 76.14 67.86 37.63 May07 61.21 47.83 38.33
July07 77.33 72.79 45.24 July07 63.60 38.07 49.44
Oct07 76.63 73.53 43.54 Oct07 68.22 50.27 38.32
May08 74.61 71.35 45.30 May08 61.04 47.70 37.23
July08 68.74 66.67 40.47 July08 57.29 47.62 34.08
Oct08 78.48 74.79 42.78 Oct08 67.71 54.03 41.02
Watershed 1
Watershed 1
Mid Elevation Average soil moisture (%) Low Elevation Average soil moisture (%)
Season Oi/Oe Oa Mineral Season Oi/Oe Oa Mineral
July06 60.06 46.55 34.28 July06 63.68 50.18 31.96
Oct06 70.73 50.46 31.18 Oct06 64.11 53.63 27.01
May07 62.22 46.58 29.64 May07 57.32 45.51 31.68
July07 69.54 55.11 37.91 July07 62.28 47.96 33.23
Oct07 69.33 50.63 34.69 Oct07 65.12 53.35 29.51
May08 64.12 49.18 33.35 May08 61.21 56.57 28.75
July08 60.81 45.00 31.31 July08 60.65 49.64 27.16
Oct08 68.86 48.59 36.77 Oct08 63.33 51.73 32.21
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Watershed 6 Watershed 6
SFB zone
Average soil moisture (%)
High
Elevation
Average soil moisture (%)
Season Oi/Oe Oa Mineral Season Oi/Oe Oa Mineral
July06 68.74 57.42 25.86 July06 66.70 56.28 34.77
Oct06 74.89 69.34 31.80 Oct06 71.73 52.40 32.16
May07 76.25 65.02 35.67 May07 68.83 52.29 36.31
July07 71.93 62.97 33.39 July07 72.06 56.91 36.76
Oct07 74.04 66.85 34.39 Oct07 74.25 57.45 35.16
May08 66.23 63.83 30.19 May08 71.63 51.24 36.28
July08 72.73 64.51 33.50 July08 73.01 56.69 38.02
Oct08 75.61 67.56 34.20 Oct08 74.58 56.44 41.64
Watershed 6 Watershed 6
Mid Elevation Average soil moisture (%) Low Elevation Average soil moisture (%)
Season Oi/Oe Oa Mineral Season Oi/Oe Oa Mineral
July06 67.77 50.88 39.41 July06 75.02 64.84 31.83
Oct06 74.45 53.00 35.88 Oct06 77.67 68.49 30.14
May07 66.82 47.34 34.97 May07 70.32 65.82 28.59
July07 73.11 53.05 39.57 July07 75.50 69.57 39.36
Oct07 78.88 53.49 35.29 Oct07 76.57 69.08 30.59
May08 71.44 51.53 36.17 May08 71.78 56.57 33.11
July08 73.79 53.54 42.63 July08 75.93 69.56 39.08
Oct08 76.94 53.13 37.03 Oct08 75.00 62.26 32.08
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Appendix 3: Individual/average dissolved organic carbon and elemental analysis data.
Soil Depth Study
(Note: CTRL = reference site)
HWEOM Ash-Free Basis
Sample Treatment Forest Horizon Layer LOI (% ) C (% ) N (% ) H (% ) Carbon (% ) Nitrogen (% ) Hydrogen (% ) Sulfur (% ) Oxygen (% ) C:N H:C O:C
CHWOi CTRL HW Oi 1 86.6 41.42 2.64 5.08 47.81 3.05 5.86 0.96 42.32 18.3 1.47 0.66
CHWOe CTRL HW Oe 2 84.6 38.71 3.57 5.00 45.78 4.22 5.91 0.99 43.10 12.7 1.55 0.71
CHWOa0-1 CTRL HW Oa1 3 78.7 39.92 3.34 5.53 50.75 4.25 7.03 1.28 36.69 13.9 1.66 0.54
CHWOa1-2 CTRL HW Oa2 4 89.9 40.50 4.60 5.10 45.06 5.12 5.67 1.78 42.37 10.3 1.51 0.71
CHWOa2-3 CTRL HW Oa3 5 90.8 39.96 3.42 5.60 44.02 3.77 6.17 1.49 44.55 13.6 1.68 0.76
CHWOa3-4 CTRL HW Oa4 6 91.3 41.77 3.37 5.31 45.76 3.69 5.82 1.58 43.15 14.5 1.53 0.71
CHWOa4-5 CTRL HW Oa5 7 93.3 41.98 3.22 5.60 44.99 3.45 6.00 1.57 43.99 15.2 1.60 0.73
CSFOi CTRL SFB Oi 1 91.4 43.74 2.84 7.18 47.86 3.11 7.86 0.96 40.22 18.0 1.97 0.63
CSFOe CTRL SFB Oe 2 93.7 44.16 3.41 7.63 47.13 3.64 8.14 0.99 40.09 15.1 2.07 0.64
CSFOa0-1 CTRL SFB Oa1 3 83.7 40.93 3.14 4.80 48.91 3.75 5.74 1.28 40.32 15.2 1.41 0.62
CSFOa1-2 CTRL SFB Oa2 4 91.9 41.90 3.40 6.54 45.59 3.70 7.12 1.61 41.98 14.4 1.87 0.69
CSFOa2-3 CTRL SFB Oa3 5 90.9 43.18 3.46 5.60 47.52 3.81 6.16 1.49 41.01 14.6 1.56 0.65
CSFOa3-4 CTRL SFB Oa4 6 92.8 39.28 3.56 6.15 42.34 3.83 6.62 1.58 45.63 12.9 1.88 0.81
CSFOa4-5 CTRL SFB Oa5 7 91.5 42.19 3.26 6.39 46.10 3.56 6.98 1.57 41.78 15.1 1.82 0.68
W1HWOi W1 HW Oi 1 87.1 42.30 2.30 4.70 48.55 2.64 5.39 0.80 42.62 21.5 1.33 0.66
W1HWOe W1 HW Oe 2 81.3 38.30 3.20 4.70 47.13 3.94 5.78 0.98 42.17 14.0 1.47 0.67
W1HWOa0-1 W1 HW Oa1 3 87.0 40.40 3.80 5.00 46.43 4.37 5.75 1.03 42.43 12.4 1.49 0.69
W1HWOa1-2 W1 HW Oa2 4 88.1 40.90 3.90 5.10 46.45 4.43 5.79 1.59 41.74 12.2 1.50 0.67
W1HWOa2-3 W1 HW Oa3 5 89.1 40.10 3.80 5.10 45.02 4.27 5.73 1.68 43.31 12.3 1.53 0.72
W1HWOa3-4 W1 HW Oa4 6 90.7 41.60 3.50 5.20 45.87 3.86 5.73 1.65 42.89 13.9 1.50 0.70
W1HWOa4-5 W1 HW Oa5 7 91.6 42.20 3.30 5.20 46.08 3.60 5.68 1.53 43.10 14.9 1.48 0.70
W1SFOi W1 SFB Oi 1 89.1 43.20 2.70 5.20 48.51 3.03 5.84 1.12 41.50 18.7 1.44 0.64
W1SFOe W1 SFB Oe 2 91.0 42.00 2.80 5.30 46.14 3.08 5.82 0.99 43.97 17.5 1.51 0.71
W1SFOa0-1 W1 SFB Oa1 3 92.4 42.10 2.90 5.30 45.57 3.14 5.74 1.52 44.04 16.9 1.51 0.72
W1SFOs1-2 W1 SFB Oa2 4 92.6 42.80 2.90 5.30 46.23 3.13 5.72 1.62 43.30 17.2 1.49 0.70
W1SFOa2-3 W1 SFB Oa3 5 93.0 43.10 3.10 5.20 46.35 3.33 5.59 1.29 43.44 16.2 1.45 0.70
W1SFOa3-4 W1 SFB Oa4 6 92.7 42.70 3.20 5.20 46.05 3.45 5.61 1.51 43.38 15.6 1.46 0.71
W1SFOa4-5 W1 SFB Oa5 7 92.6 42.90 3.60 5.30 46.32 3.89 5.72 1.62 42.45 13.9 1.48 0.69
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Whole Soil Ash-Free Basis
Sample Treatment Forest Horizon Layer LOI (% ) C (% ) N (% ) H (% ) Carbon (% ) Nitrogen (% ) Hydrogen (% ) Oxygen (% ) C:N H:C O:C
CHWOi CTRL HW Oi 1 93.9 50.68 1.96 5.11 53.98 2.09 5.44 38.49 30.2 1.21 0.53
CHWOe CTRL HW Oe 2 90.9 50.70 2.36 4.98 55.79 2.60 5.48 36.14 25.1 1.18 0.49
CHWOa0-1 CTRL HW Oa1 3 86.1 49.59 2.32 4.32 57.60 2.70 5.02 34.68 24.9 1.05 0.45
CHWOa1-2 CTRL HW Oa2 4 77.5 41.17 2.43 4.74 53.11 3.13 6.11 37.65 19.8 1.38 0.53
CHWOa2-3 CTRL HW Oa3 5 64.6 35.22 2.18 4.10 54.48 3.37 6.34 35.81 18.8 1.40 0.49
CHWOa3-4 CTRL HW Oa4 6 81.3 45.42 2.65 5.03 55.84 3.25 6.18 34.73 20.0 1.33 0.47
CHWOa4-5 CTRL HW Oa5 7 70.4 36.87 1.94 4.07 52.40 2.75 5.79 39.06 22.2 1.33 0.56
CSFOi CTRL SFB Oi 1 96.7 52.11 2.62 6.10 53.91 2.71 6.31 37.06 23.2 1.40 0.52
CSFOe CTRL SFB Oe 2 92.5 49.29 2.97 5.67 53.29 3.21 6.13 37.38 19.4 1.38 0.53
CSFOa0-1 CTRL SFB Oa1 3 89.9 48.28 3.03 5.40 53.68 3.37 6.01 36.94 18.6 1.34 0.52
CSFOa1-2 CTRL SFB Oa2 4 86.7 45.62 2.83 5.22 52.59 3.26 6.02 38.13 18.8 1.37 0.54
CSFOa2-3 CTRL SFB Oa3 5 79.5 42.75 2.55 4.88 53.80 3.20 6.14 36.85 19.6 1.37 0.51
CSFOa3-4 CTRL SFB Oa4 6 66.0 35.23 2.09 4.20 53.41 3.16 6.36 37.06 19.7 1.43 0.52
CSFOa4-5 CTRL SFB Oa5 7 48.2 25.92 1.59 3.26 53.73 3.29 6.76 36.22 19.1 1.51 0.51
W1HWOi W1 HW Oi 1 89.8 46.86 2.14 5.56 52.21 2.38 6.19 39.22 25.6 1.42 0.56
W1HWOe W1 HW Oe 2 84.9 46.12 2.59 5.08 54.32 3.05 5.98 36.66 20.8 1.32 0.51
W1HWOa0-1 W1 HW Oa1 3 72.5 40.32 2.44 4.12 55.63 3.37 5.69 35.32 19.3 1.23 0.48
W1HWOa1-2 W1 HW Oa2 4 72.0 37.24 2.29 4.24 51.70 3.18 5.88 39.24 19.0 1.37 0.57
W1HWOa2-3 W1 HW Oa3 5 59.1 33.06 2.00 3.82 55.93 3.38 6.47 34.22 19.3 1.39 0.46
W1HWOa3-4 W1 HW Oa4 6 51.9 27.27 1.70 3.17 52.57 3.27 6.10 38.06 18.8 1.39 0.54
W1HWOa4-5 W1 HW Oa5 7 48.5 26.43 1.54 2.99 54.53 3.19 6.16 36.12 20.0 1.36 0.50
W1SFOi W1 SFB Oi 1 95.2 51.44 2.00 5.99 54.03 2.10 6.29 37.58 30.0 1.40 0.52
W1SFOe W1 SFB Oe 2 95.9 51.42 2.31 5.66 53.60 2.41 5.90 38.09 25.9 1.32 0.53
W1SFOa0-1 W1 SFB Oa1 3 96.1 52.00 2.21 5.47 54.11 2.30 5.69 37.90 27.5 1.26 0.53
W1SFOs1-2 W1 SFB Oa2 4 93.9 51.14 2.26 5.40 54.47 2.41 5.76 37.37 26.4 1.27 0.51
W1SFOa2-3 W1 SFB Oa3 5 90.0 49.72 2.26 5.42 55.23 2.52 6.02 36.24 25.6 1.31 0.49
W1SFOa3-4 W1 SFB Oa4 6 84.0 46.68 2.21 5.25 55.56 2.63 6.25 35.56 24.6 1.35 0.48
W1SFOa4-5 W1 SFB Oa5 7 75.5 42.27 2.16 4.89 55.98 2.86 6.48 34.68 22.9 1.39 0.46
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Ca/P Study
Note: Control treatment refers to the reference plots where no external treatment was applied
HWEOM
Data Plot/Group Sampling event Horizon Treatment mg HWEOC/g soil LOI % N %C %H % N %C %H %O C/N H/C O/C mg OM/g soil mg HWEOC/g soil C
Individual 1 July 06 Oie High Ca 8.2 87.5 4.7 40.3 5.4 5.4 46.0 6.1 42.4 10.0 1.6 0.7 178.5 20.4
Individual 2 July 06 Oie High Ca 5.6 84.2 4.5 39.0 5.1 5.4 46.3 6.0 42.2 10.0 1.6 0.7 119.9 14.2
Individual 3 July 06 Oie Low Ca 10.4 87.6 5.2 38.6 5.4 5.9 44.0 6.2 43.9 8.6 1.7 0.7 235.4 26.9
Individual 4 July 06 Oie Control 8.4 86.2 4.4 40.8 5.2 5.1 47.4 6.1 41.4 10.8 1.5 0.7 178.0 20.6
Individual 5 July 06 Oie Low Ca + P 9.9 86.1 4.1 41.3 5.4 4.8 47.9 6.3 41.0 11.7 1.6 0.6 206.8 24.0
Individual 6 July 06 Oie Low Ca 5.6 87.5 4.6 41.0 5.4 5.2 46.8 6.2 41.8 10.5 1.6 0.7 119.6 13.7
Individual 7 July 06 Oie Control 7.9 87.3 4.3 41.3 5.4 5.0 47.3 6.2 41.5 11.1 1.6 0.7 167.7 19.2
Individual 8 July 06 Oie Low Ca 9.1 86.6 4.1 40.7 5.2 4.7 47.1 6.0 42.2 11.7 1.5 0.7 194.4 22.5
Individual 9 July 06 Oie High Ca 5.1 85.9 5.3 37.9 5.4 6.2 44.1 6.2 43.5 8.3 1.7 0.7 114.7 13.4
Individual 10 July 06 Oie Low Ca + P 9.0 88.0 4.4 41.3 5.3 4.9 46.9 6.0 42.1 11.1 1.5 0.7 191.8 21.8
Individual 11 July 06 Oie P 9.1 87.0 4.0 40.6 4.9 4.6 46.6 5.6 43.2 11.9 1.4 0.7 195.0 22.4
Individual 12 July 06 Oie Low Ca + P 10.4 85.0 4.2 40.3 5.6 4.9 47.3 6.5 41.2 11.2 1.7 0.7 220.4 25.9
Individual 13 July 06 Oie P 9.7 87.2 4.3 41.2 5.3 4.9 47.3 6.0 41.8 11.2 1.5 0.7 205.6 23.6
Individual 14 July 06 Oie Control 8.3 86.6 4.1 41.4 5.5 4.8 47.8 6.3 41.1 11.7 1.6 0.6 173.8 20.1
Individual 15 July 06 Oie P 6.4 88.9 4.3 42.1 5.6 4.9 47.4 6.3 41.5 11.3 1.6 0.7 135.0 15.2
Individual 16 July 06 Oie Control 8.3 88.9 4.0 42.3 5.5 4.5 47.6 6.2 41.7 12.3 1.6 0.7 175.1 19.7
Individual 17 July 06 Oie Low Ca 7.8 87.9 4.3 41.8 5.4 4.9 47.5 6.1 41.5 11.4 1.5 0.7 164.0 18.6
Individual 18 July 06 Oie Low Ca + P 8.7 88.3 4.0 42.1 5.5 4.5 47.7 6.2 41.6 12.4 1.6 0.7 181.7 20.6
Individual 19 July 06 Oie High Ca 8.8 88.0 3.8 41.8 5.4 4.3 47.5 6.1 42.1 12.7 1.5 0.7 185.5 21.1
Individual 20 July 06 Oie P 7.7 85.7 4.5 39.8 5.3 5.3 46.5 6.2 42.1 10.3 1.6 0.7 164.7 19.2
Averages 1 July 06 Oie High Ca 6.9 86.4 4.6 39.7 5.3 5.3 46.0 6.1 42.5 10.3 1.6 0.7 149.7 17.3
Averages 2 July 06 Oie Low Ca 8.2 87.4 4.5 40.5 5.4 5.2 46.4 6.1 42.3 10.5 1.6 0.7 178.3 20.4
Averages 3 July 06 Oie Control 8.3 87.3 4.2 41.5 5.4 4.8 47.5 6.2 41.4 11.5 1.6 0.7 173.6 19.9
Averages 4 July 06 Oie Low Ca + P 9.5 86.8 4.2 41.2 5.4 4.8 47.5 6.3 41.5 11.6 1.6 0.7 200.2 23.1
Averages 5 July 06 Oie P 8.2 87.2 4.3 40.9 5.3 4.9 46.9 6.0 42.1 11.2 1.5 0.7 175.1 20.1
Std Errors 1 July 06 Oie High Ca 0.9 0.9 0.3 0.8 0.1 0.4 0.7 0.0 0.3 0.9 0.0 0.0 18.8 2.0
Std Errors 2 July 06 Oie Low Ca 1.0 0.3 0.2 0.7 0.0 0.3 0.8 0.0 0.5 0.7 0.0 0.0 24.4 2.8
Std Errors 3 July 06 Oie Control 0.1 0.6 0.1 0.3 0.1 0.1 0.1 0.1 0.1 0.3 0.0 0.0 2.2 0.3
Std Errors 4 July 06 Oie Low Ca + P 0.4 0.8 0.1 0.4 0.1 0.1 0.2 0.1 0.2 0.3 0.0 0.0 8.5 1.2
Std Errors 5 July 06 Oie P 0.7 0.7 0.1 0.5 0.1 0.1 0.2 0.1 0.4 0.3 0.0 0.0 15.9 1.9
Original Data Ash Free Basis
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HWEOM
Data Plot/Group Sampling event Horizon Treatment mg HWEOC/g soil LOI % N %C %H % N %C %H %O C/N H/C O/C mg OM/g soil mg HWEOC/g soil C
Individual 1 July 06 Oa High Ca 2.0 87.9 4.6 37.7 5.2 5.3 42.9 5.9 45.9 9.5 1.7 0.8 45.9 5.2
Individual 2 July 06 Oa High Ca 1.9 87.1 4.2 38.5 5.4 4.8 44.2 6.2 44.8 10.7 1.7 0.8 41.9 4.8
Individual 3 July 06 Oa Low Ca 2.3 84.3 4.3 37.7 5.4 5.1 44.7 6.5 43.7 10.2 1.7 0.7 50.8 6.0
Individual 4 July 06 Oa Control 2.3 88.9 4.5 39.2 5.7 5.0 44.1 6.4 44.5 10.2 1.7 0.8 51.2 5.8
Individual 5 July 06 Oa Low Ca + P 3.5 89.9 3.8 40.2 6.1 4.2 44.8 6.8 44.2 12.4 1.8 0.7 78.9 8.8
Individual 6 July 06 Oa Low Ca 1.5 89.0 4.9 39.1 6.5 5.5 43.9 7.3 43.3 9.3 2.0 0.7 33.5 3.8
Individual 7 July 06 Oa Control 2.0 90.4 4.1 40.8 6.2 4.6 45.1 6.8 43.5 11.6 1.8 0.7 44.6 4.9
Individual 8 July 06 Oa Low Ca 2.5 87.3 4.2 38.6 6.0 4.8 44.2 6.9 44.1 10.8 1.9 0.7 57.3 6.6
Individual 9 July 06 Oa High Ca 87.2 4.8 39.3 6.6 5.5 45.1 7.6 41.8 9.5 2.0 0.7 0.0
Individual 10 July 06 Oa Low Ca + P 1.7 88.2 4.0 39.2 5.8 4.5 44.4 6.6 44.4 11.4 1.8 0.8 37.4 4.2
Individual 11 July 06 Oa P 2.2 87.8 3.7 38.1 4.9 4.2 43.4 5.5 46.9 12.0 1.5 0.8 50.0 5.7
Individual 12 July 06 Oa Low Ca + P 1.2 87.8 4.8 40.7 5.1 5.4 46.3 5.8 42.4 9.9 1.5 0.7 26.2 3.0
Individual 13 July 06 Oa P 1.1 89.2 4.6 39.3 6.6 5.1 44.1 7.4 43.4 10.0 2.0 0.7 26.0 2.9
Individual 14 July 06 Oa Control 1.6 88.7 4.4 41.2 7.0 5.0 46.5 7.9 40.6 10.9 2.1 0.7 35.3 4.0
Individual 15 July 06 Oa P 3.0 92.5 4.0 41.3 7.0 4.3 44.7 7.5 43.5 12.2 2.0 0.7 67.4 7.3
Individual 16 July 06 Oa Control 1.8 90.0 4.2 39.1 6.2 4.7 43.5 6.9 44.9 10.8 1.9 0.8 41.5 4.6
Individual 17 July 06 Oa Low Ca 3.2 91.6 4.3 41.1 6.4 4.7 44.9 7.0 43.4 11.2 1.9 0.7 70.2 7.7
Individual 18 July 06 Oa Low Ca + P 2.0 90.2 4.5 41.3 6.7 5.0 45.8 7.4 41.8 10.7 1.9 0.7 43.2 4.8
Individual 19 July 06 Oa High Ca 2.0 90.4 4.5 39.9 7.0 5.0 44.1 7.7 43.2 10.3 2.1 0.7 45.0 5.0
Individual 20 July 06 Oa P 1.3 87.4 4.7 35.8 5.8 5.3 41.0 6.7 47.0 8.9 2.0 0.9 32.2 3.7
Averages 1 July 06 Oa High Ca 1.9 88.1 4.5 38.8 6.0 5.2 44.1 6.8 43.9 10.0 1.9 0.7 44.2 3.8
Averages 2 July 06 Oa Low Ca 2.4 88.0 4.4 39.1 6.1 5.0 44.4 6.9 43.6 10.4 1.9 0.7 52.9 6.0
Averages 3 July 06 Oa Control 1.9 89.5 4.3 40.1 6.3 4.8 44.8 7.0 43.4 10.8 1.9 0.7 43.2 4.8
Averages 4 July 06 Oa Low Ca + P 2.1 89.0 4.3 40.3 5.9 4.8 45.3 6.7 43.2 11.1 1.8 0.7 46.4 5.2
Averages 5 July 06 Oa P 1.9 89.2 4.2 38.6 6.1 4.7 43.3 6.8 45.2 10.8 1.9 0.8 43.9 4.9
Std Errors 1 July 06 Oa High Ca 0.0 0.8 0.1 0.5 0.4 0.2 0.4 0.5 0.9 0.3 0.1 0.0 1.2 1.3
Std Errors 2 July 06 Oa Low Ca 0.3 1.5 0.2 0.7 0.2 0.2 0.2 0.2 0.2 0.4 0.1 0.0 7.6 0.8
Std Errors 3 July 06 Oa Control 0.1 0.4 0.1 0.5 0.3 0.1 0.7 0.3 1.0 0.3 0.1 0.0 3.3 0.4
Std Errors 4 July 06 Oa Low Ca + P 0.5 0.6 0.2 0.4 0.3 0.3 0.4 0.3 0.6 0.5 0.1 0.0 11.4 1.3
Std Errors 5 July 06 Oa P 0.4 1.2 0.2 1.2 0.5 0.3 0.8 0.5 1.0 0.8 0.1 0.0 9.3 1.0
Original Data Ash Free Basis
164
HWEOM
Data Plot/Group Sampling event Horizon Treatment mg HWEOC/g soil LOI % N %C %H % N %C %H %O C/N H/C O/C mg OM/g soil mg HWEOC/g soil C
Individual 1 Oct 06 Oie High Ca 5.9 70.5 2.4 31.6 4.3 3.5 44.8 6.0 45.7 15.0 1.6 0.8 130.8 18.6
Individual 2 Oct 06 Oie High Ca 8.2 78.9 3.8 36.8 5.3 4.8 46.7 6.7 41.8 11.3 1.7 0.7 174.8 22.2
Individual 3 Oct 06 Oie Low Ca 6.0 84.6 4.8 35.4 5.6 5.7 41.8 6.7 45.9 8.6 1.9 0.8 142.8 16.9
Individual 4 Oct 06 Oie Control 8.0 85.8 4.6 37.0 5.6 5.4 43.1 6.5 45.0 9.4 1.8 0.8 186.5 21.7
Individual 5 Oct 06 Oie Low Ca + P 10.7 78.6 4.4 31.7 4.8 5.6 40.3 6.2 47.9 8.3 1.8 0.9 265.7 33.8
Individual 6 Oct 06 Oie Low Ca 5.3 80.6 4.9 31.3 5.0 6.0 38.8 6.3 48.9 7.5 1.9 0.9 136.0 16.9
Individual 7 Oct 06 Oie Control 8.2 86.4 5.0 38.3 5.4 5.8 44.4 6.3 43.5 8.9 1.7 0.7 185.3 21.5
Individual 8 Oct 06 Oie Low Ca 7.6 80.3 4.0 34.9 5.1 5.0 43.5 6.4 45.2 10.2 1.8 0.8 174.6 21.8
Individual 9 Oct 06 Oie High Ca 4.3 79.5 3.3 36.6 5.7 4.1 46.1 7.2 42.7 13.1 1.9 0.7 93.7 11.8
Individual 10 Oct 06 Oie Low Ca + P 6.4 78.2 4.2 33.3 4.9 5.4 42.7 6.3 45.6 9.2 1.8 0.8 150.3 19.2
Individual 11 Oct 06 Oie P 9.7 83.6 4.5 35.5 4.8 5.4 42.4 5.7 46.5 9.2 1.6 0.8 228.2 27.3
Individual 12 Oct 06 Oie Low Ca + P 10.2 77.6 4.3 34.6 5.0 5.5 44.6 6.5 43.4 9.4 1.7 0.7 227.7 29.4
Individual 13 Oct 06 Oie P 10.4 84.3 4.5 34.8 5.2 5.3 41.3 6.2 47.2 9.0 1.8 0.9 251.4 29.8
Individual 14 Oct 06 Oie Control 5.4 88.7 4.4 37.3 5.8 5.0 42.0 6.5 46.5 9.8 1.9 0.8 128.6 14.5
Individual 15 Oct 06 Oie P 10.6 88.0 4.2 37.8 5.7 4.8 43.0 6.5 45.7 10.5 1.8 0.8 246.1 28.0
Individual 16 Oct 06 Oie Control 6.0 90.2 4.6 41.5 6.1 5.1 46.0 6.7 42.1 10.5 1.8 0.7 129.7 14.4
Individual 17 Oct 06 Oie Low Ca 5.6 85.4 4.2 37.5 5.4 4.9 43.9 6.3 44.9 10.4 1.7 0.8 128.2 15.0
Individual 18 Oct 06 Oie Low Ca + P 6.6 88.1 4.0 38.7 5.5 4.5 44.0 6.2 45.3 11.3 1.7 0.8 150.9 17.1
Individual 19 Oct 06 Oie High Ca 3.6 77.3 2.7 32.9 4.8 3.6 42.5 6.2 47.7 14.0 1.7 0.8 85.2 11.0
Individual 20 Oct 06 Oie P 7.3 83.4 4.5 34.9 5.2 5.4 41.9 6.2 46.5 9.0 1.8 0.8 174.5 20.9
Averages 1 Oct 06 Oie High Ca 5.5 76.6 3.1 34.5 5.0 4.0 45.0 6.5 44.5 13.4 1.7 0.7 121.1 15.9
Averages 2 Oct 06 Oie Low Ca 6.1 82.7 4.5 34.8 5.3 5.4 42.0 6.4 46.2 9.2 1.8 0.8 145.4 17.6
Averages 3 Oct 06 Oie Control 6.9 87.8 4.7 38.5 5.7 5.3 43.9 6.5 44.3 9.6 1.8 0.8 157.5 18.0
Averages 4 Oct 06 Oie Low Ca + P 8.5 80.6 4.2 34.6 5.1 5.3 42.9 6.3 45.5 9.6 1.8 0.8 198.7 24.9
Averages 5 Oct 06 Oie P 9.5 84.8 4.4 35.8 5.2 5.2 42.1 6.2 46.5 9.4 1.8 0.8 225.1 26.5
Std Errors 1 Oct 06 Oie High Ca 1.0 2.1 0.3 1.3 0.3 0.3 0.9 0.3 1.4 0.8 0.1 0.0 20.4 2.7
Std Errors 2 Oct 06 Oie Low Ca 0.5 1.3 0.2 1.3 0.1 0.3 1.2 0.1 0.9 0.7 0.1 0.0 10.2 1.4
Std Errors 3 Oct 06 Oie Control 0.7 1.0 0.1 1.0 0.1 0.2 0.9 0.1 0.9 0.3 0.0 0.0 16.4 2.1
Std Errors 4 Oct 06 Oie Low Ca + P 1.1 2.5 0.1 1.5 0.1 0.3 0.9 0.1 0.9 0.6 0.0 0.0 28.8 4.0
Std Errors 5 Oct 06 Oie P 0.8 1.1 0.1 0.7 0.2 0.2 0.4 0.2 0.3 0.4 0.0 0.0 17.6 1.9
Original Data Ash Free Basis
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HWEOM
Data Plot/Group Sampling event Horizon Treatment mg HWEOC/g soil LOI % N %C %H % N %C %H %O C/N H/C O/C mg OM/g soil mg HWEOC/g soil C
Individual 1 Oct 06 Oa High Ca 2.4 76.4 2.8 36.9 4.3 3.7 48.3 5.7 42.4 15.4 1.4 0.7 50.0 6.5
Individual 2 Oct 06 Oa High Ca 2.6 84.1 3.8 38.7 5.5 4.5 46.0 6.6 42.9 11.9 1.7 0.7 57.0 6.8
Individual 3 Oct 06 Oa Low Ca 2.6 87.7 4.7 38.3 5.8 5.4 43.7 6.6 44.3 9.5 1.8 0.8 58.9 6.7
Individual 4 Oct 06 Oa Control 3.3 88.1 4.6 38.5 6.0 5.2 43.7 6.9 44.2 9.9 1.9 0.8 75.2 8.5
Individual 5 Oct 06 Oa Low Ca + P 2.6 85.5 4.0 38.1 5.6 4.7 44.5 6.6 44.2 11.1 1.8 0.7 59.0 6.9
Individual 6 Oct 06 Oa Low Ca 1.7 84.9 5.3 36.0 5.9 6.2 42.4 7.0 44.4 8.0 2.0 0.8 40.3 4.8
Individual 7 Oct 06 Oa Control 2.5 89.2 4.6 39.3 5.9 5.1 44.0 6.7 44.2 10.0 1.8 0.8 57.4 6.4
Individual 8 Oct 06 Oa Low Ca 2.0 84.9 4.7 37.5 5.8 5.5 44.2 6.9 43.5 9.4 1.9 0.7 46.0 5.4
Individual 9 Oct 06 Oa High Ca 1.2 87.6 4.7 39.6 6.5 5.4 45.2 7.4 42.0 9.7 2.0 0.7 25.5 2.9
Individual 10 Oct 06 Oa Low Ca + P 1.6 84.7 4.3 37.2 5.2 5.0 43.9 6.1 44.9 10.1 1.7 0.8 37.0 4.4
Individual 11 Oct 06 Oa P 2.2 86.0 4.1 38.0 4.8 4.8 44.2 5.6 45.5 10.8 1.5 0.8 50.5 5.9
Individual 12 Oct 06 Oa Low Ca + P 1.4 82.9 4.7 35.9 5.3 5.6 43.3 6.4 44.7 8.9 1.8 0.8 31.3 3.8
Individual 13 Oct 06 Oa P 2.6 85.3 4.6 37.9 5.9 5.4 44.4 7.0 43.2 9.5 1.9 0.7 59.5 7.0
Individual 14 Oct 06 Oa Control 1.2 88.3 4.7 38.6 6.5 5.3 43.7 7.4 43.6 9.6 2.0 0.7 28.4 3.2
Individual 15 Oct 06 Oa P 2.8 90.2 3.4 41.3 6.1 3.7 45.7 6.7 43.8 14.3 1.8 0.7 61.6 6.8
Individual 16 Oct 06 Oa Control 1.9 89.8 4.7 39.9 6.1 5.3 44.4 6.8 43.6 9.8 1.8 0.7 42.9 4.8
Individual 17 Oct 06 Oa Low Ca 1.9 89.6 4.6 39.6 6.1 5.1 44.2 6.9 43.9 10.1 1.9 0.7 42.0 4.7
Individual 18 Oct 06 Oa Low Ca + P 1.7 88.1 4.9 39.4 6.3 5.5 44.7 7.2 42.6 9.5 1.9 0.7 38.1 4.3
Individual 19 Oct 06 Oa High Ca 0.8 77.4 3.2 34.9 5.9 4.1 45.1 7.6 43.1 12.7 2.0 0.7 17.1 2.2
Individual 20 Oct 06 Oa P 1.7 87.7 4.4 39.1 5.8 5.1 44.5 6.6 43.9 10.3 1.8 0.7 38.6 4.4
Averages 1 Oct 06 Oa High Ca 1.7 81.4 3.6 37.5 5.6 4.4 46.2 6.8 42.6 12.4 1.8 0.7 37.4 4.6
Averages 2 Oct 06 Oa Low Ca 2.0 86.8 4.8 37.9 5.9 5.5 43.6 6.8 44.0 9.2 1.9 0.8 46.8 5.4
Averages 3 Oct 06 Oa Control 2.2 88.8 4.6 39.1 6.1 5.2 44.0 6.9 43.9 9.8 1.9 0.7 51.0 5.7
Averages 4 Oct 06 Oa Low Ca + P 1.8 85.3 4.5 37.6 5.6 5.2 44.1 6.6 44.1 9.9 1.8 0.8 41.4 4.8
Averages 5 Oct 06 Oa P 2.4 87.3 4.1 39.0 5.6 4.8 44.7 6.5 44.1 11.2 1.7 0.7 52.5 6.0
Std Errors 1 Oct 06 Oa High Ca 0.5 2.7 0.4 1.0 0.5 0.4 0.7 0.4 0.3 1.2 0.1 0.0 9.6 1.2
Std Errors 2 Oct 06 Oa Low Ca 0.2 1.2 0.2 0.7 0.1 0.2 0.4 0.1 0.2 0.5 0.0 0.0 4.2 0.5
Std Errors 3 Oct 06 Oa Control 0.4 0.4 0.0 0.3 0.1 0.0 0.2 0.2 0.2 0.1 0.0 0.0 10.0 1.1
Std Errors 4 Oct 06 Oa Low Ca + P 0.3 1.1 0.2 0.7 0.3 0.2 0.3 0.2 0.5 0.5 0.1 0.0 6.1 0.7
Std Errors 5 Oct 06 Oa P 0.2 1.1 0.3 0.8 0.3 0.4 0.4 0.3 0.5 1.1 0.1 0.0 5.2 0.6
Original Data Ash Free Basis
HWEOM
Data Plot/Group Sampling event Horizon Treatment mg HWEOC/g soil LOI % N %C %H % N %C %H %O C/N H/C O/C mg OM/g soil mg HWEOC/g soil C
Averages 1 May 07 Oie High Ca 3.6 65.7 1.9 30.1 3.6 3.0 45.8 5.5 45.7 18.1 1.4 0.7 77.7 11.8
Averages 2 May 07 Oie Low Ca 4.2 69.5 2.1 32.7 4.5 3.0 47.1 6.5 43.4 18.1 1.6 0.7 89.3 12.8
Averages 3 May 07 Oie Control 7.1 86.6 4.6 38.7 5.7 5.4 44.7 6.6 43.4 9.7 1.8 0.7 159.8 18.4
Averages 4 May 07 Oie Low Ca + P 5.9 73.4 3.0 34.7 5.1 4.0 47.3 6.9 41.8 13.6 1.8 0.7 125.9 17.2
Averages 5 May 07 Oie P 7.8 86.8 4.9 38.4 5.5 5.7 44.2 6.4 43.8 9.1 1.7 0.7 175.3 20.2
Averages 1 May 07 Oa High Ca 0.9 75.8 2.8 33.2 4.8 3.7 43.8 6.3 46.2 13.7 1.7 0.8 20.5 2.7
Averages 2 May 07 Oa Low Ca 1.7 86.2 4.7 37.4 5.6 5.5 43.4 6.5 44.7 9.3 1.8 0.8 39.5 4.6
Averages 3 May 07 Oa Control 1.6 87.8 5.1 38.3 5.9 5.8 43.6 6.7 43.9 8.7 1.8 0.8 36.4 4.1
Averages 4 May 07 Oa Low Ca + P 1.7 85.4 4.9 36.4 5.7 5.8 42.7 6.6 45.0 8.6 1.9 0.8 39.3 4.6
Averages 5 May 07 Oa P 2.7 89.4 4.4 39.3 5.9 4.9 43.9 6.6 44.6 10.4 1.8 0.8 60.5 6.8
Original Data Ash Free Basis
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HWEOM
Data Plot/Group Sampling event Horizon Treatment mg HWEOC/g soil LOI % N %C %H % N %C %H %O C/N H/C O/C mg OM/g soil mg HWEOC/g soil C
Individual 1 July 07 Oie High Ca 5.5 65.6 1.8 29.3 3.3 2.8 44.7 5.1 47.4 18.7 1.4 0.8 122.1 18.6
Individual 2 July 07 Oie High Ca 5.0 62.0 1.7 27.1 3.5 2.7 43.6 5.7 48.0 18.7 1.6 0.8 113.9 18.4
Individual 3 July 07 Oie Low Ca 5.1 72.3 2.4 33.2 4.3 3.3 45.9 5.9 44.9 16.5 1.5 0.7 111.2 15.4
Individual 4 July 07 Oie Control 4.3 85.2 4.7 37.7 5.4 5.6 44.2 6.3 43.9 9.3 1.7 0.7 96.9 11.4
Individual 5 July 07 Oie Low Ca + P 6.6 69.5 2.5 31.9 4.5 3.6 45.8 6.4 44.2 15.0 1.7 0.7 143.0 20.6
Individual 6 July 07 Oie Low Ca 7.0 85.2 4.6 36.9 5.6 5.4 43.3 6.6 44.8 9.4 1.8 0.8 162.6 19.1
Individual 7 July 07 Oie Control 8.2 86.6 4.5 38.9 5.5 5.3 44.9 6.3 43.5 10.0 1.7 0.7 182.7 21.1
Individual 8 July 07 Oie Low Ca 5.4 71.3 2.3 34.3 4.3 3.3 48.1 6.1 42.6 17.2 1.5 0.7 113.1 15.9
Individual 9 July 07 Oie High Ca 5.6 73.1 2.2 33.7 4.5 3.0 46.1 6.2 44.7 18.2 1.6 0.7 121.4 16.6
Individual 10 July 07 Oie Low Ca + P 4.6 74.1 2.6 35.5 4.9 3.5 48.0 6.6 42.0 16.1 1.6 0.7 95.3 12.9
Individual 11 July 07 Oie P 5.3 82.7 4.4 37.7 5.1 5.3 45.5 6.2 42.9 10.0 1.6 0.7 116.8 14.1
Individual 12 July 07 Oie Low Ca + P 7.7 68.6 2.4 32.3 4.6 3.5 47.1 6.7 42.7 15.6 1.7 0.7 163.0 23.8
Individual 13 July 07 Oie P 3.9 83.2 5.2 35.8 5.1 6.3 43.1 6.1 44.6 8.0 1.7 0.8 90.1 10.8
Individual 14 July 07 Oie Control 5.5 85.2 5.3 36.7 5.9 6.2 43.1 6.9 43.8 8.0 1.9 0.8 128.8 15.1
Individual 15 July 07 Oie P 6.2 88.0 4.4 39.0 5.9 5.0 44.3 6.7 44.0 10.4 1.8 0.7 140.7 16.0
Individual 16 July 07 Oie Control 8.1 88.6 4.1 40.6 5.7 4.6 45.9 6.4 43.1 11.6 1.7 0.7 176.8 19.9
Individual 17 July 07 Oie Low Ca 5.4 78.5 2.5 37.0 4.7 3.2 47.1 6.0 43.7 17.0 1.5 0.7 115.7 14.7
Individual 18 July 07 Oie Low Ca + P 4.6 81.7 4.2 36.7 5.1 5.2 44.9 6.3 43.6 10.1 1.7 0.7 103.4 12.7
Individual 19 July 07 Oie High Ca 3.6 73.6 2.2 33.9 4.7 3.0 46.1 6.3 44.6 17.9 1.6 0.7 78.5 10.7
Individual 20 July 07 Oie P 3.5 81.8 5.2 34.7 5.0 6.3 42.4 6.2 45.1 7.9 1.7 0.8 81.5 10.0
Averages 1 July 07 Oie High Ca 4.9 68.6 2.0 31.0 4.0 2.9 45.1 5.8 46.2 18.4 1.5 0.8 109.0 16.1
Averages 2 July 07 Oie Low Ca 5.8 76.8 3.0 35.3 4.7 3.8 46.1 6.1 44.0 15.0 1.6 0.7 125.6 16.3
Averages 3 July 07 Oie Control 6.5 86.4 4.7 38.5 5.6 5.4 44.5 6.5 43.6 9.7 1.8 0.7 146.3 16.9
Averages 4 July 07 Oie Low Ca + P 5.9 73.5 2.9 34.1 4.8 3.9 46.5 6.5 43.1 14.2 1.7 0.7 126.2 17.5
Averages 5 July 07 Oie P 4.7 83.9 4.8 36.8 5.3 5.7 43.8 6.3 44.1 9.1 1.7 0.8 107.3 12.7
Std Errors 1 July 07 Oie High Ca 0.5 2.9 0.1 1.7 0.3 0.1 0.6 0.3 0.9 0.2 0.1 0.0 10.3 1.9
Std Errors 2 July 07 Oie Low Ca 0.4 3.2 0.5 0.9 0.3 0.5 1.0 0.2 0.5 1.9 0.1 0.0 12.3 1.0
Std Errors 3 July 07 Oie Control 1.0 0.8 0.3 0.9 0.1 0.3 0.6 0.1 0.2 0.7 0.1 0.0 20.4 2.2
Std Errors 4 July 07 Oie Low Ca + P 0.8 3.0 0.4 1.2 0.1 0.4 0.7 0.1 0.5 1.4 0.0 0.0 16.1 2.8
Std Errors 5 July 07 Oie P 0.6 1.4 0.2 1.0 0.2 0.3 0.7 0.1 0.5 0.7 0.0 0.0 13.4 1.4
Original Data Ash Free Basis
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HWEOM
Data Plot/Group Sampling event Horizon Treatment mg HWEOC/g soil LOI % N %C %H % N %C %H %O C/N H/C O/C mg OM/g soil mg HWEOC/g soil C
Individual 1 July 07 Oa High Ca 1.1 74.2 2.6 35.1 4.7 3.5 47.3 6.4 42.9 15.9 1.6 0.7 23.2 3.1
Individual 2 July 07 Oa High Ca 1.7 83.2 4.0 37.4 5.8 4.8 45.0 7.0 43.2 11.0 1.9 0.7 37.9 4.6
Individual 3 July 07 Oa Low Ca 2.0 84.3 5.5 35.9 6.1 6.6 42.5 7.2 43.7 7.6 2.0 0.8 46.4 5.5
Individual 4 July 07 Oa Control 2.4 85.8 4.6 37.8 5.8 5.3 44.1 6.8 43.8 9.7 1.8 0.7 54.2 6.3
Individual 5 July 07 Oa Low Ca + P 2.5 77.6 2.6 36.7 4.9 3.4 47.3 6.3 43.1 16.3 1.6 0.7 51.9 6.7
Individual 6 July 07 Oa Low Ca 1.7 83.5 5.6 34.7 5.9 6.7 41.6 7.1 44.7 7.3 2.0 0.8 40.6 4.9
Individual 7 July 07 Oa Control 2.7 88.1 4.7 38.8 6.0 5.4 44.0 6.8 43.9 9.6 1.8 0.7 60.6 6.9
Individual 8 July 07 Oa Low Ca 1.4 83.6 4.7 35.8 5.7 5.6 42.8 6.8 44.8 8.9 1.9 0.8 31.6 3.8
Individual 9 July 07 Oa High Ca 1.2 84.6 5.2 36.8 6.7 6.2 43.5 8.0 42.4 8.2 2.2 0.7 26.7 3.2
Individual 10 July 07 Oa Low Ca + P 1.4 81.7 4.3 36.1 5.7 5.3 44.1 7.0 43.6 9.8 1.9 0.7 31.1 3.8
Individual 11 July 07 Oa P 1.4 85.1 4.4 37.5 4.5 5.2 44.1 5.3 45.5 10.0 1.4 0.8 31.9 3.7
Individual 12 July 07 Oa Low Ca + P 1.5 81.6 5.4 35.9 5.4 6.6 44.0 6.6 42.8 7.7 1.8 0.7 34.6 4.2
Individual 13 July 07 Oa P 0.8 82.7 5.6 33.8 5.3 6.8 40.8 6.4 46.0 7.0 1.9 0.8 20.8 2.5
Individual 14 July 07 Oa Control 1.4 86.6 5.6 37.4 6.1 6.5 43.3 7.1 43.2 7.8 2.0 0.7 32.5 3.8
Individual 15 July 07 Oa P 1.7 90.2 3.9 41.2 5.6 4.3 45.7 6.2 43.9 12.4 1.6 0.7 36.6 4.1
Individual 16 July 07 Oa Control 2.1 88.5 4.2 41.3 5.8 4.7 46.7 6.6 42.0 11.5 1.7 0.7 44.6 5.0
Individual 17 July 07 Oa Low Ca 2.6 88.8 4.6 39.6 5.5 5.2 44.6 6.2 43.9 10.0 1.7 0.7 58.2 6.6
Individual 18 July 07 Oa Low Ca + P 1.4 87.9 5.6 38.6 6.2 6.3 44.0 7.0 42.7 8.1 1.9 0.7 30.8 3.5
Individual 19 July 07 Oa High Ca 0.9 82.7 5.3 35.8 6.1 6.4 43.3 7.3 43.0 7.9 2.0 0.7 19.9 2.4
Individual 20 July 07 Oa P 1.0 85.2 6.1 34.6 5.3 7.1 40.6 6.2 46.0 6.6 1.8 0.8 25.8 3.0
Averages 1 July 07 Oa High Ca 1.2 81.2 4.3 36.3 5.8 5.2 44.8 7.2 42.9 10.8 1.9 0.7 26.9 3.3
Averages 2 July 07 Oa Low Ca 1.9 85.1 5.1 36.5 5.8 6.0 42.9 6.8 44.3 8.5 1.9 0.8 44.2 5.2
Averages 3 July 07 Oa Control 2.1 87.2 4.8 38.8 5.9 5.5 44.5 6.8 43.2 9.6 1.8 0.7 48.0 5.5
Averages 4 July 07 Oa Low Ca + P 1.7 82.2 4.5 36.8 5.5 5.4 44.8 6.7 43.0 10.5 1.8 0.7 37.1 4.6
Averages 5 July 07 Oa P 1.2 85.8 5.0 36.8 5.2 5.9 42.8 6.0 45.3 9.0 1.7 0.8 28.8 3.3
Std Errors 1 July 07 Oa High Ca 0.2 2.3 0.6 0.5 0.4 0.7 0.9 0.3 0.2 1.9 0.1 0.0 3.9 0.5
Std Errors 2 July 07 Oa Low Ca 0.3 1.3 0.3 1.1 0.1 0.4 0.6 0.2 0.3 0.6 0.1 0.0 5.6 0.6
Std Errors 3 July 07 Oa Control 0.3 0.6 0.3 0.9 0.1 0.4 0.7 0.1 0.4 0.8 0.1 0.0 6.1 0.7
Std Errors 4 July 07 Oa Low Ca + P 0.3 2.1 0.7 0.6 0.3 0.7 0.8 0.2 0.2 2.0 0.1 0.0 5.0 0.7
Std Errors 5 July 07 Oa P 0.2 1.6 0.5 1.7 0.2 0.7 1.2 0.3 0.5 1.4 0.1 0.0 3.5 0.3
Original Data Ash Free Basis
HWEOM
Data Plot/Group Sampling event Horizon Treatment mg HWEOC/g soil LOI % N %C %H % N %C %H %O C/N H/C O/C mg OM/g soil mg HWEOC/g soil C
Averages 1 Oct 07 Oie High Ca 4.8 69.8 2.5 33.7 4.1 3.6 48.3 5.8 42.3 15.7 1.5 0.7 98.6 14.1
Averages 2 Oct 07 Oie Low Ca 5.2 78.3 3.1 38.9 5.2 3.9 49.7 6.6 39.8 14.8 1.6 0.6 104.4 13.3
Averages 3 Oct 07 Oie Control 5.8 87.5 4.1 41.3 5.7 4.7 47.2 6.5 41.6 11.7 1.7 0.7 123.6 14.1
Averages 4 Oct 07 Oie Low Ca + P 6.6 74.2 2.8 36.3 5.2 3.8 49.0 7.0 40.2 15.0 1.7 0.6 135.7 18.3
Averages 5 Oct 07 Oie P 6.3 86.8 4.1 40.8 5.7 4.7 47.0 6.6 41.6 11.6 1.7 0.7 132.9 15.3
Averages 1 Oct 07 Oa High Ca 1.5 85.4 4.2 39.7 6.0 4.9 46.5 7.0 41.6 11.1 1.8 0.7 33.4 3.9
Averages 2 Oct 07 Oa Low Ca 1.9 87.0 4.5 40.0 6.0 5.1 46.0 6.9 42.0 10.4 1.8 0.7 41.5 4.8
Averages 3 Oct 07 Oa Control 1.8 88.5 4.4 40.8 5.7 5.0 46.1 6.5 42.5 10.8 1.7 0.7 39.0 4.4
Averages 4 Oct 07 Oa Low Ca + P 1.9 85.9 4.2 39.3 5.6 4.9 45.8 6.6 42.7 10.9 1.7 0.7 40.6 4.7
Averages 5 Oct 07 Oa P 1.8 87.8 4.2 39.9 5.6 4.7 45.5 6.4 43.4 11.2 1.7 0.7 40.3 4.6
Original Data Ash Free Basis
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HWEOM
Data Plot/Group Sampling event Horizon Treatment mg HWEOC/g soil LOI % N %C %H % N %C %H %O C/N H/C O/C mg OM/g soil mg HWEOC/g soil C
Averages 1 May 08 Oie High Ca 5.7 70.9 2.5 33.7 4.1 3.6 47.6 5.7 43.1 15.6 1.4 0.7 119.0 16.8
Averages 2 May 08 Oie Low Ca 6.4 81.5 3.5 39.2 5.1 4.3 48.1 6.2 41.4 13.1 1.5 0.6 133.0 16.3
Averages 3 May 08 Oie Control 4.4 87.0 4.2 40.6 5.7 4.8 46.7 6.6 41.9 11.2 1.7 0.7 95.1 10.9
Averages 4 May 08 Oie Low Ca + P 5.2 79.8 3.4 38.1 5.2 4.2 47.8 6.5 41.5 13.1 1.6 0.7 109.3 13.7
Averages 5 May 08 Oie P 4.8 85.5 4.1 39.5 5.7 4.8 46.2 6.6 42.3 11.1 1.7 0.7 103.9 12.2
Averages 1 May 08 Oa High Ca 1.5 84.7 4.0 39.1 6.1 4.7 46.2 7.2 41.9 11.4 1.9 0.7 32.5 3.8
Averages 2 May 08 Oa Low Ca 1.7 87.5 4.5 39.6 6.1 5.1 45.3 7.0 42.5 10.3 1.9 0.7 37.7 4.3
Averages 3 May 08 Oa Control 3.1 88.5 4.0 41.0 6.1 4.5 46.3 6.9 42.3 12.0 1.8 0.7 67.1 7.6
Averages 4 May 08 Oa Low Ca + P 1.2 85.1 4.1 39.0 5.8 4.9 45.8 6.8 42.6 11.0 1.8 0.7 26.1 3.1
Averages 5 May 08 Oa P 1.6 89.0 3.8 40.6 6.1 4.3 45.6 6.9 43.1 12.3 1.8 0.7 34.3 3.9
Original Data Ash Free Basis
HWEOM
Data Plot/Group Sampling event Horizon Treatment mg HWEOC/g soil LOI % N %C %H % N %C %H %O C/N H/C O/C mg OM/g soil mg HWEOC/g soil C
Individual 1 July 08 Oie High Ca 3.9 66.8 1.9 29.1 3.6 2.9 43.6 5.4 48.2 17.8 1.5 0.8 90.5 13.5
Individual 2 July 08 Oie High Ca 5.1 67.6 2.1 30.8 4.0 3.0 45.6 5.9 45.5 17.5 1.6 0.7 111.3 16.5
Individual 3 July 08 Oie Low Ca 6.9 73.3 2.1 34.1 4.4 2.9 46.6 6.1 44.5 18.8 1.6 0.7 149.0 20.3
Individual 4 July 08 Oie Control 5.0 85.0 5.1 36.7 5.3 6.0 43.1 6.2 44.7 8.4 1.7 0.8 115.4 13.6
Individual 5 July 08 Oie Low Ca + P 5.1 69.9 3.2 30.4 4.2 4.6 43.5 6.0 46.0 11.0 1.7 0.8 117.6 16.8
Individual 6 July 08 Oie Low Ca 6.4 69.5 2.7 35.5 4.8 3.9 51.0 6.9 38.3 15.5 1.6 0.6 124.8 17.9
Individual 7 July 08 Oie Control 5.6 74.1 4.8 38.5 5.5 6.5 51.9 7.4 34.2 9.3 1.7 0.5 108.1 14.6
Individual 8 July 08 Oie Low Ca 6.3 77.0 3.5 34.4 4.8 4.6 44.6 6.2 44.6 11.3 1.7 0.7 141.9 18.4
Individual 9 July 08 Oie High Ca 4.4 76.2 2.9 35.9 5.2 3.8 47.1 6.9 42.2 14.6 1.7 0.7 92.8 12.2
Individual 10 July 08 Oie Low Ca + P 5.6 77.9 4.3 34.7 4.8 5.5 44.5 6.1 43.8 9.4 1.7 0.7 126.4 16.2
Individual 11 July 08 Oie P 7.6 86.6 4.4 38.7 4.9 5.0 44.7 5.6 44.6 10.3 1.5 0.7 169.1 19.5
Individual 12 July 08 Oie Low Ca + P 5.9 72.3 2.7 34.8 4.8 3.7 48.1 6.7 41.5 15.0 1.7 0.6 123.0 17.0
Individual 13 July 08 Oie P 5.4 85.8 4.8 38.7 5.7 5.6 45.1 6.6 42.7 9.4 1.8 0.7 120.7 14.1
Individual 14 July 08 Oie Control 5.3 87.5 4.9 39.0 6.0 5.6 44.5 6.9 43.0 9.3 1.9 0.7 118.1 13.5
Individual 15 July 08 Oie P 8.2 89.7 4.2 40.8 5.8 4.7 45.5 6.5 43.3 11.3 1.7 0.7 180.8 20.2
Individual 16 July 08 Oie Control 9.5 89.2 4.2 41.9 6.1 4.7 47.0 6.8 41.5 11.8 1.7 0.7 202.9 22.7
Individual 17 July 08 Oie Low Ca 6.3 80.6 4.0 36.4 5.4 4.9 45.2 6.7 43.2 10.7 1.8 0.7 139.5 17.3
Individual 18 July 08 Oie Low Ca + P 3.5 77.2 5.5 31.7 4.8 7.2 41.1 6.2 45.6 6.7 1.8 0.8 84.3 10.9
Individual 19 July 08 Oie High Ca 2.0 69.4 1.8 27.5 3.4 2.5 39.6 4.9 53.0 18.3 1.5 1.0 51.2 7.4
Individual 20 July 08 Oie P 3.2 86.7 5.0 37.2 5.3 5.8 42.9 6.2 45.2 8.7 1.7 0.8 75.6 8.7
Averages 1 July 08 Oie High Ca 3.9 70.0 2.1 30.8 4.1 3.0 44.0 5.8 47.2 17.1 1.6 0.8 86.5 12.4
Averages 2 July 08 Oie Low Ca 6.5 75.1 3.1 35.1 4.8 4.1 46.9 6.5 42.6 14.1 1.7 0.7 138.8 18.5
Averages 3 July 08 Oie Control 6.3 84.0 4.7 39.0 5.7 5.7 46.6 6.8 40.9 9.7 1.8 0.7 136.1 16.1
Averages 4 July 08 Oie Low Ca + P 5.0 74.4 3.9 32.9 4.6 5.3 44.3 6.2 44.2 10.5 1.7 0.8 112.8 15.2
Averages 5 July 08 Oie P 6.1 87.2 4.6 38.8 5.4 5.3 44.5 6.2 44.0 9.9 1.7 0.7 136.6 15.6
Std Errors 1 July 08 Oie High Ca 0.7 2.1 0.2 1.8 0.4 0.3 1.6 0.4 2.3 0.8 0.1 0.1 12.6 1.9
Std Errors 2 July 08 Oie Low Ca 0.2 2.4 0.4 0.5 0.2 0.5 1.4 0.2 1.5 1.9 0.0 0.0 5.1 0.7
Std Errors 3 July 08 Oie Control 1.1 3.4 0.2 1.1 0.2 0.4 1.9 0.2 2.3 0.7 0.0 0.1 22.4 2.2
Std Errors 4 July 08 Oie Low Ca + P 0.5 1.9 0.6 1.1 0.2 0.7 1.5 0.2 1.0 1.7 0.0 0.0 9.7 1.5
Std Errors 5 July 08 Oie P 1.1 0.9 0.2 0.8 0.2 0.2 0.6 0.2 0.6 0.6 0.1 0.0 24.1 2.7
Original Data Ash Free Basis
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HWEOM
Data Plot/Group Sampling event Horizon Treatment mg HWEOC/g soil LOI % N %C %H % N %C %H %O C/N H/C O/C mg OM/g soil mg HWEOC/g soil C
Individual 1 July 08 Oa High Ca 1.7 82.6 4.8 34.2 4.5 5.8 41.4 5.4 47.4 8.3 1.6 0.9 40.7 4.9
Individual 2 July 08 Oa High Ca 1.6 80.7 4.0 35.6 4.9 4.9 44.0 6.1 45.0 10.4 1.7 0.8 36.5 4.5
Individual 3 July 08 Oa Low Ca 1.5 85.9 5.4 35.4 5.7 6.3 41.2 6.6 45.8 7.6 1.9 0.8 35.2 4.1
Individual 4 July 08 Oa Control 2.2 87.2 4.4 38.0 5.8 5.1 43.6 6.7 44.6 10.1 1.8 0.8 51.0 5.8
Individual 5 July 08 Oa Low Ca + P 2.0 86.1 5.4 34.2 5.4 6.3 39.7 6.3 47.7 7.4 1.9 0.9 50.0 5.8
Individual 6 July 08 Oa Low Ca 2.1 85.5 5.4 35.8 6.0 6.3 41.9 7.0 44.8 7.8 2.0 0.8 49.4 5.8
Individual 7 July 08 Oa Control 1.6 88.0 4.8 38.8 6.2 5.5 44.0 7.0 43.5 9.4 1.9 0.7 35.7 4.1
Individual 8 July 08 Oa Low Ca 1.6 84.2 4.7 36.6 5.7 5.6 43.4 6.7 44.2 9.0 1.9 0.8 37.0 4.4
Individual 9 July 08 Oa High Ca 1.3 87.4 5.0 38.2 6.7 5.7 43.7 7.6 43.0 8.9 2.1 0.7 29.4 3.4
Individual 10 July 08 Oa Low Ca + P 1.3 84.2 5.1 34.7 5.6 6.1 41.2 6.6 46.1 7.9 1.9 0.8 31.8 3.8
Individual 11 July 08 Oa P 1.7 87.0 4.7 37.5 4.8 5.4 43.2 5.5 45.9 9.4 1.5 0.8 38.9 4.5
Individual 12 July 08 Oa Low Ca + P 1.0 81.5 4.5 36.2 5.4 5.5 44.5 6.6 43.4 9.5 1.8 0.7 22.9 2.8
Individual 13 July 08 Oa P 1.8 86.2 5.6 35.9 5.4 6.5 41.6 6.3 45.6 7.4 1.8 0.8 43.3 5.0
Individual 14 July 08 Oa Control 1.0 85.9 5.5 36.1 5.8 6.3 42.0 6.8 44.9 7.7 1.9 0.8 24.6 2.9
Individual 15 July 08 Oa P 2.3 89.2 3.9 40.0 5.8 4.4 44.8 6.5 44.3 11.9 1.7 0.7 51.2 5.7
Individual 16 July 08 Oa Control 2.3 90.4 4.7 39.4 5.9 5.2 43.6 6.5 44.6 9.7 1.8 0.8 51.7 5.7
Individual 17 July 08 Oa Low Ca 2.4 87.3 5.0 37.1 5.6 5.8 42.5 6.4 45.3 8.6 1.8 0.8 56.0 6.4
Individual 18 July 08 Oa Low Ca + P 1.0 87.7 4.4 38.0 1.1 5.1 43.3 1.2 50.4 10.0 0.3 0.9 23.4 2.7
Individual 19 July 08 Oa High Ca 1.1 86.3 5.0 36.4 6.2 5.7 42.2 7.2 44.9 8.6 2.0 0.8 26.2 3.0
Individual 20 July 08 Oa P 1.1 85.2 4.5 37.8 5.8 5.3 44.3 6.8 43.5 9.7 1.9 0.7 25.7 3.0
Averages 1 July 08 Oa High Ca 1.4 84.3 4.7 36.1 5.6 5.5 42.8 6.6 45.1 9.1 1.8 0.8 33.2 4.0
Averages 2 July 08 Oa Low Ca 1.9 85.7 5.1 36.2 5.7 6.0 42.3 6.7 45.0 8.2 1.9 0.8 44.4 5.2
Averages 3 July 08 Oa Control 1.8 87.9 4.8 38.1 5.9 5.5 43.3 6.7 44.4 9.2 1.9 0.8 40.7 4.6
Averages 4 July 08 Oa Low Ca + P 1.3 84.9 4.9 35.8 4.4 5.7 42.2 5.2 46.9 8.7 1.5 0.8 32.0 3.8
Averages 5 July 08 Oa P 1.7 86.9 4.7 37.8 5.5 5.4 43.5 6.3 44.8 9.6 1.7 0.8 39.8 4.6
Std Errors 1 July 08 Oa High Ca 0.1 1.6 0.2 0.8 0.5 0.2 0.6 0.5 0.9 0.5 0.1 0.0 3.3 0.5
Std Errors 2 July 08 Oa Low Ca 0.2 0.6 0.2 0.4 0.1 0.2 0.5 0.1 0.3 0.3 0.0 0.0 5.0 0.6
Std Errors 3 July 08 Oa Control 0.3 0.9 0.2 0.7 0.1 0.3 0.4 0.1 0.3 0.5 0.0 0.0 6.5 0.7
Std Errors 4 July 08 Oa Low Ca + P 0.2 1.3 0.2 0.8 1.1 0.3 1.1 1.3 1.5 0.6 0.4 0.0 6.3 0.7
Std Errors 5 July 08 Oa P 0.2 0.9 0.4 0.8 0.2 0.4 0.7 0.3 0.6 0.9 0.1 0.0 5.3 0.6
Original Data Ash Free Basis
HWEOM
Data Plot/Group Sampling event Horizon Treatment mg HWEOC/g soil LOI % N %C %H % N %C %H %O C/N H/C O/C mg OM/g soil mg HWEOC/g soil C
Averages 1 Oct 08 Oie High Ca 4.2 69.4 2.4 32.2 3.7 3.4 46.5 5.4 44.8 15.8 1.4 0.7 89.5 12.9
Averages 2 Oct 08 Oie Low Ca 6.8 81.0 3.3 37.7 4.7 4.1 46.5 5.8 43.6 13.4 1.5 0.7 145.9 18.0
Averages 3 Oct 08 Oie Control 10.3 88.3 4.1 40.7 5.6 4.7 46.1 6.3 42.9 11.6 1.7 0.7 224.1 25.4
Averages 4 Oct 08 Oie Low Ca + P 7.0 79.5 3.3 37.8 5.2 4.1 47.6 6.5 41.7 13.4 1.6 0.7 147.4 18.5
Averages 5 Oct 08 Oie P 8.1 86.5 4.2 39.1 5.6 4.9 45.3 6.4 43.4 10.8 1.7 0.7 178.5 20.6
Averages 1 Oct 08 Oa High Ca 1.3 85.1 4.6 37.0 5.7 5.4 43.4 6.7 44.5 9.4 1.8 0.8 29.2 3.4
Averages 2 Oct 08 Oa Low Ca 1.6 86.6 4.5 37.6 5.9 5.2 43.4 6.8 44.6 9.8 1.9 0.8 37.7 4.3
Averages 3 Oct 08 Oa Control 2.0 89.3 4.5 39.1 6.0 5.1 43.9 6.7 44.3 10.1 1.8 0.8 44.8 5.0
Averages 4 Oct 08 Oa Low Ca + P 1.9 87.7 4.4 38.3 5.9 5.0 43.7 6.7 44.6 10.3 1.8 0.8 43.4 4.9
Averages 5 Oct 08 Oa P 2.4 89.4 4.1 39.0 5.8 4.6 43.6 6.5 45.3 11.1 1.8 0.8 54.3 6.1
Original Data Ash Free Basis
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Whole Soil
Data Plot/Group Sampling event Horizon Treatment LOI % N %C %H % N %C %H %O C/N H/C O/C
Individual 1 July 06 Oie High Ca 82.0 2.3 41.5 4.6 2.8 50.6 5.6 41.0 21.1 1.3 0.6
Individual 2 July 06 Oie High Ca 47.5 1.4 27.4 3.3 3.0 57.6 6.8 32.6 22.6 1.4 0.4
Individual 3 July 06 Oie Low Ca 82.2 2.2 42.3 4.9 2.7 51.4 6.0 39.8 22.0 1.4 0.6
Individual 4 July 06 Oie Control 50.3 1.6 28.4 3.3 3.1 56.4 6.6 33.8 20.9 1.4 0.4
Individual 5 July 06 Oie Low Ca + P 66.1 1.8 36.4 4.3 2.7 55.0 6.4 35.8 23.6 1.4 0.5
Individual 6 July 06 Oie Low Ca 69.4 2.3 37.2 4.5 3.3 53.6 6.5 36.6 19.2 1.4 0.5
Individual 7 July 06 Oie Control 83.9 2.3 44.7 5.3 2.7 53.3 6.3 37.8 23.0 1.4 0.5
Individual 8 July 06 Oie Low Ca 77.3 2.1 40.8 4.8 2.7 52.8 6.2 38.3 22.8 1.4 0.5
Individual 9 July 06 Oie High Ca 74.6 2.1 37.8 4.8 2.8 50.6 6.4 40.2 20.9 1.5 0.6
Individual 10 July 06 Oie Low Ca + P 71.7 1.8 38.2 4.7 2.6 53.2 6.5 37.7 24.1 1.5 0.5
Individual 11 July 06 Oie P 81.5 1.9 42.1 4.6 2.3 51.6 5.7 40.4 26.1 1.3 0.6
Individual 12 July 06 Oie Low Ca + P 73.5 2.2 35.8 4.4 3.0 48.6 6.0 42.4 18.8 1.5 0.7
Individual 13 July 06 Oie P 70.4 2.0 37.3 4.3 2.8 53.0 6.2 38.0 22.1 1.4 0.5
Individual 14 July 06 Oie Control 83.1 2.3 42.1 5.1 2.8 50.7 6.2 40.4 21.2 1.5 0.6
Individual 15 July 06 Oie P 92.3 2.5 48.7 6.0 2.7 52.8 6.5 38.0 23.0 1.5 0.5
Individual 16 July 06 Oie Control 90.9 2.1 46.1 5.4 2.3 50.7 6.0 41.0 26.0 1.4 0.6
Individual 17 July 06 Oie Low Ca 88.5 2.2 45.8 5.3 2.5 51.7 6.0 39.8 23.9 1.4 0.6
Individual 18 July 06 Oie Low Ca + P 80.3 2.0 41.2 4.9 2.5 51.3 6.0 40.2 24.0 1.4 0.6
Individual 19 July 06 Oie High Ca 83.6 2.3 43.3 5.2 2.8 51.8 6.3 39.2 21.9 1.5 0.6
Individual 20 July 06 Oie P 75.0 2.1 39.1 4.6 2.8 52.1 6.2 39.0 21.9 1.4 0.6
Averages 1 July 06 Oie High Ca 71.9 2.0 37.5 4.5 2.8 52.6 6.3 38.2 21.6 1.4 0.5
Averages 2 July 06 Oie Low Ca 79.4 2.2 41.5 4.9 2.8 52.4 6.2 38.6 22.0 1.4 0.6
Averages 3 July 06 Oie Control 77.1 2.1 40.3 4.8 2.7 52.8 6.3 38.2 22.8 1.4 0.5
Averages 4 July 06 Oie Low Ca + P 72.9 2.0 37.9 4.6 2.7 52.0 6.3 39.0 22.7 1.4 0.6
Averages 5 July 06 Oie P 79.8 2.1 41.8 4.9 2.6 52.4 6.1 38.8 23.3 1.4 0.6
Std Errors 1 July 06 Oie High Ca 8.4 0.2 3.6 0.4 0.0 1.7 0.3 1.9 0.4 0.0 0.0
Std Errors 2 July 06 Oie Low Ca 4.0 0.0 1.8 0.2 0.2 0.5 0.1 0.8 1.0 0.0 0.0
Std Errors 3 July 06 Oie Control 9.1 0.2 4.1 0.5 0.2 1.4 0.1 1.6 1.2 0.0 0.0
Std Errors 4 July 06 Oie Low Ca + P 2.9 0.1 1.2 0.1 0.1 1.4 0.1 1.4 1.3 0.0 0.0
Std Errors 5 July 06 Oie P 4.8 0.1 2.5 0.4 0.1 0.3 0.2 0.6 1.0 0.0 0.0
Original Data Ash Free Basis
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Whole Soil
Data Plot/Group Sampling event Horizon Treatment LOI % N %C %H % N %C %H %O C/N H/C O/C
Individual 1 July 06 Oa High Ca 43.7 1.1 21.7 2.3 2.4 49.6 5.2 42.8 23.9 1.3 0.6
Individual 2 July 06 Oa High Ca 23.5 0.7 12.8 1.5 2.8 54.4 6.5 36.4 22.9 1.4 0.5
Individual 3 July 06 Oa Low Ca 34.8 1.0 15.9 1.9 2.8 45.6 5.5 46.1 19.1 1.5 0.8
Individual 4 July 06 Oa Control 42.9 1.2 21.6 2.0 2.9 50.4 4.6 42.1 20.5 1.1 0.6
Individual 5 July 06 Oa Low Ca + P 40.6 1.3 24.1 2.5 3.1 59.2 6.2 31.4 22.2 1.3 0.4
Individual 6 July 06 Oa Low Ca 26.6 0.9 13.8 1.5 3.4 52.1 5.5 39.0 18.1 1.3 0.6
Individual 7 July 06 Oa Control 35.6 0.9 15.8 1.8 2.6 44.5 5.1 47.8 19.6 1.4 0.8
Individual 8 July 06 Oa Low Ca 40.4 0.9 18.3 1.9 2.1 45.3 4.8 47.8 25.0 1.3 0.8
Individual 9 July 06 Oa High Ca 56.6 1.6 27.1 3.2 2.9 47.9 5.7 43.5 19.4 1.4 0.7
Individual 10 July 06 Oa Low Ca + P 16.3 0.5 9.1 1.0 3.1 55.8 6.4 34.7 21.2 1.4 0.5
Individual 11 July 06 Oa P 32.2 0.8 17.5 1.8 2.4 54.2 5.7 37.6 25.9 1.3 0.5
Individual 12 July 06 Oa Low Ca + P 16.1 0.6 9.1 1.0 3.4 56.4 6.0 34.1 19.2 1.3 0.5
Individual 13 July 06 Oa P 21.0 0.6 9.1 0.9 2.7 43.3 4.3 49.7 18.7 1.2 0.9
Individual 14 July 06 Oa Control 24.6 0.8 12.7 1.6 3.1 51.8 6.7 38.4 19.7 1.5 0.6
Individual 15 July 06 Oa P 52.2 1.3 28.7 3.0 2.4 55.0 5.8 36.8 26.3 1.3 0.5
Individual 16 July 06 Oa Control 28.3 0.7 13.6 1.4 2.6 47.9 5.0 44.4 21.5 1.3 0.7
Individual 17 July 06 Oa Low Ca 48.0 1.4 27.9 3.1 2.9 58.2 6.4 32.5 23.6 1.3 0.4
Individual 18 July 06 Oa Low Ca + P 35.7 1.0 19.3 2.3 2.9 54.0 6.4 36.7 21.5 1.4 0.5
Individual 19 July 06 Oa High Ca 41.9 1.1 17.9 2.2 2.5 42.8 5.3 49.4 19.9 1.5 0.9
Individual 20 July 06 Oa P 20.2 0.7 11.8 1.4 3.5 58.5 6.7 31.2 19.5 1.4 0.4
Averages 1 July 06 Oa High Ca 41.4 1.1 19.9 2.3 2.6 48.7 5.7 43.0 21.5 1.4 0.7
Averages 2 July 06 Oa Low Ca 37.4 1.0 19.0 2.1 2.8 50.3 5.6 41.3 21.4 1.3 0.6
Averages 3 July 06 Oa Control 32.9 0.9 15.9 1.7 2.8 48.7 5.4 43.2 20.3 1.3 0.7
Averages 4 July 06 Oa Low Ca + P 27.2 0.8 15.4 1.7 3.1 56.4 6.3 34.2 21.0 1.3 0.5
Averages 5 July 06 Oa P 31.4 0.8 16.8 1.8 2.8 52.8 5.6 38.8 22.6 1.3 0.6
Std Errors 1 July 06 Oa High Ca 6.8 0.2 3.0 0.3 0.1 2.4 0.3 2.7 1.1 0.1 0.1
Std Errors 2 July 06 Oa Low Ca 4.5 0.1 3.1 0.3 0.3 3.1 0.3 3.5 1.7 0.0 0.1
Std Errors 3 July 06 Oa Control 4.0 0.1 2.0 0.1 0.1 1.6 0.4 2.0 0.4 0.1 0.1
Std Errors 4 July 06 Oa Low Ca + P 6.4 0.2 3.8 0.4 0.1 1.1 0.1 1.1 0.6 0.0 0.0
Std Errors 5 July 06 Oa P 7.5 0.2 4.3 0.5 0.3 3.3 0.5 3.9 2.0 0.0 0.1
Original Data Ash Free Basis
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Whole Soil
Data Plot/Group Sampling event Horizon Treatment LOI % N %C %H % N %C %H %O C/N H/C O/C
Averages 1 Oct 06 Oie High Ca 55.4 1.6 30.0 2.9 2.9 54.1 5.3 37.7 21.4 1.2 0.5
Averages 2 Oct 06 Oie Low Ca 65.2 1.8 32.5 3.5 2.7 49.9 5.4 42.1 21.4 1.3 0.6
Averages 3 Oct 06 Oie Control 76.3 2.1 40.6 4.6 2.8 53.1 6.1 38.0 22.4 1.4 0.5
Averages 4 Oct 06 Oie Low Ca + P 63.3 1.9 35.5 3.9 3.1 56.1 6.1 34.7 21.3 1.3 0.5
Averages 5 Oct 06 Oie P 68.2 1.9 35.4 4.0 2.8 51.9 5.8 39.5 21.4 1.3 0.6
Averages 1 Oct 06 Oa High Ca 35.4 1.0 19.8 1.8 2.7 55.8 5.2 36.3 23.7 1.1 0.5
Averages 2 Oct 06 Oa Low Ca 37.8 1.0 17.3 1.9 2.6 45.7 5.0 46.6 20.6 1.3 0.8
Averages 3 Oct 06 Oa Control 38.5 0.9 15.8 1.7 2.4 40.9 4.5 52.2 20.2 1.3 1.0
Averages 4 Oct 06 Oa Low Ca + P 30.3 0.7 11.0 1.2 2.1 36.3 3.9 57.7 19.7 1.3 1.2
Averages 5 Oct 06 Oa P 35.1 1.1 21.3 2.0 3.0 60.7 5.8 30.5 23.4 1.1 0.4
Original Data Ash Free Basis
Whole Soil
Data Plot/Group Sampling event Horizon Treatment LOI % N %C %H % N %C %H %O C/N H/C O/C
Averages 1 May 07 Oie High Ca 51.6 1.4 25.8 2.8 2.6 50.0 5.5 41.9 22.3 1.3 0.6
Averages 2 May 07 Oie Low Ca 62.4 1.6 31.4 3.6 2.6 50.3 5.8 41.3 22.7 1.4 0.6
Averages 3 May 07 Oie Control 68.1 1.9 34.5 3.5 2.8 50.6 5.2 41.4 21.4 1.2 0.6
Averages 4 May 07 Oie Low Ca + P 65.3 1.8 33.7 3.8 2.8 51.5 5.7 39.9 21.5 1.3 0.6
Averages 5 May 07 Oie P 74.2 1.7 33.5 4.0 2.3 45.1 5.3 47.2 22.6 1.4 0.8
Averages 1 May 07 Oa High Ca 37.5 0.8 16.8 1.5 2.2 45.0 4.1 48.7 23.8 1.1 0.8
Averages 2 May 07 Oa Low Ca 49.1 1.1 18.7 2.2 2.3 38.0 4.5 55.2 19.7 1.4 1.1
Averages 3 May 07 Oa Control 32.8 0.8 15.0 1.7 2.6 45.7 5.2 46.4 20.8 1.4 0.8
Averages 4 May 07 Oa Low Ca + P 29.6 0.8 12.8 1.3 2.5 43.3 4.5 49.7 19.9 1.2 0.9
Averages 5 May 07 Oa P 44.4 0.7 12.6 1.3 1.5 28.4 3.0 67.1 22.0 1.3 1.8
Original Data Ash Free Basis
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Whole Soil
Data Plot/Group Sampling event Horizon Treatment LOI % N %C %H % N %C %H %O C/N H/C O/C
Individual 1 July 07 Oie High Ca 45.9 1.1 24.0 2.2 2.5 52.3 4.7 40.5 24.9 1.1 0.6
Individual 2 July 07 Oie High Ca 39.4 1.1 20.5 2.0 2.7 52.1 5.2 39.9 22.3 1.2 0.6
Individual 3 July 07 Oie Low Ca 50.2 1.3 22.9 2.6 2.6 45.7 5.1 46.6 20.7 1.3 0.8
Individual 4 July 07 Oie Control 35.3 1.1 21.5 2.3 3.1 61.0 6.5 29.5 23.3 1.3 0.4
Individual 5 July 07 Oie Low Ca + P 63.7 2.0 35.4 3.9 3.1 55.6 6.2 35.2 21.1 1.3 0.5
Individual 6 July 07 Oie Low Ca 71.7 1.7 31.3 3.6 2.4 43.6 5.0 49.0 21.1 1.4 0.8
Individual 7 July 07 Oie Control 49.5 1.9 38.3 4.2 3.9 77.5 8.5 10.1 23.2 1.3 0.1
Individual 8 July 07 Oie Low Ca 55.8 1.5 34.8 3.8 2.7 62.4 6.8 28.1 27.1 1.3 0.3
Individual 9 July 07 Oie High Ca 50.0 1.5 27.1 2.9 2.9 54.3 5.7 37.1 21.7 1.3 0.5
Individual 10 July 07 Oie Low Ca + P 42.6 1.3 28.6 2.8 3.2 67.1 6.6 23.2 24.8 1.2 0.3
Individual 11 July 07 Oie P 42.4 0.9 19.6 2.1 2.2 46.3 5.0 46.5 24.4 1.3 0.8
Individual 12 July 07 Oie Low Ca + P 65.7 1.7 35.1 3.8 2.6 53.3 5.8 38.3 23.7 1.3 0.5
Individual 13 July 07 Oie P 26.6 0.7 12.6 1.5 2.6 47.6 5.7 44.1 21.3 1.4 0.7
Individual 14 July 07 Oie Control 68.4 1.8 36.1 3.8 2.6 52.8 5.5 39.0 23.5 1.3 0.6
Individual 15 July 07 Oie P 64.4 1.4 31.7 3.5 2.2 49.2 5.4 43.2 25.5 1.3 0.7
Individual 16 July 07 Oie Control 64.0 1.4 30.7 3.6 2.2 48.1 5.6 44.2 25.2 1.4 0.7
Individual 17 July 07 Oie Low Ca 51.1 1.4 32.5 3.3 2.7 63.5 6.4 27.4 27.8 1.2 0.3
Individual 18 July 07 Oie Low Ca + P 56.0 1.5 29.4 3.5 2.6 52.5 6.2 38.7 23.3 1.4 0.6
Individual 19 July 07 Oie High Ca 116.8 1.3 26.6 2.9 1.1 22.8 2.5 73.6 24.7 1.3
Individual 20 July 07 Oie P 30.6 0.9 17.1 2.0 2.9 55.8 6.4 34.9 22.8 1.4 0.5
Averages 1 July 07 Oie High Ca 63.0 1.2 24.6 2.5 2.3 45.4 4.5 47.8 23.4 1.2 0.6
Averages 2 July 07 Oie Low Ca 57.2 1.5 30.4 3.3 2.6 53.8 5.8 37.8 24.2 1.3 0.6
Averages 3 July 07 Oie Control 54.3 1.6 31.7 3.5 2.9 59.8 6.5 30.7 23.8 1.3 0.4
Averages 4 July 07 Oie Low Ca + P 57.0 1.6 32.1 3.5 2.9 57.1 6.2 33.8 23.2 1.3 0.5
Averages 5 July 07 Oie P 41.0 1.0 20.3 2.3 2.5 49.7 5.7 42.2 23.5 1.4 0.6
Std Errors 1 July 07 Oie High Ca 18.1 0.1 1.5 0.2 0.4 7.6 0.7 8.7 0.8 0.0 0.0
Std Errors 2 July 07 Oie Low Ca 5.0 0.1 2.6 0.3 0.1 5.3 0.4 5.8 1.9 0.0 0.1
Std Errors 3 July 07 Oie Control 7.5 0.2 3.7 0.4 0.4 6.5 0.7 7.5 0.5 0.0 0.1
Std Errors 4 July 07 Oie Low Ca + P 5.2 0.1 1.8 0.3 0.1 3.4 0.2 3.6 0.8 0.1 0.1
Std Errors 5 July 07 Oie P 8.5 0.2 4.1 0.4 0.2 2.1 0.3 2.5 0.9 0.0 0.1
Original Data Ash Free Basis
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Whole Soil
Data Plot/Group Sampling event Horizon Treatment LOI % N %C %H % N %C %H %O C/N H/C O/C
Individual 1 July 07 Oa High Ca 14.3 0.6 9.7 1.1 3.9 67.6 7.4 21.1 20.0 1.3 0.2
Individual 2 July 07 Oa High Ca 23.1 0.8 17.3 1.9 3.5 75.0 8.3 13.1 25.0 1.3 0.1
Individual 3 July 07 Oa Low Ca 19.5 0.8 13.4 1.5 4.0 68.9 7.7 19.4 19.9 1.3 0.2
Individual 4 July 07 Oa Control 29.1 0.9 16.3 1.9 3.0 56.1 6.4 34.5 22.2 1.4 0.5
Individual 5 July 07 Oa Low Ca + P 45.5 1.0 23.8 2.4 2.3 52.4 5.2 40.1 26.7 1.2 0.6
Individual 6 July 07 Oa Low Ca 34.4 0.9 16.1 2.0 2.7 46.7 5.7 44.8 19.9 1.5 0.7
Individual 7 July 07 Oa Control 38.0 1.1 20.8 2.0 3.0 54.9 5.4 36.8 21.3 1.2 0.5
Individual 8 July 07 Oa Low Ca 17.1 0.4 8.9 0.9 2.5 51.9 5.3 40.3 24.1 1.2 0.6
Individual 9 July 07 Oa High Ca 30.8 1.1 17.7 2.1 3.5 57.3 6.9 32.3 18.9 1.4 0.4
Individual 10 July 07 Oa Low Ca + P 18.4 0.5 9.1 1.0 2.6 49.6 5.2 42.6 22.0 1.3 0.6
Individual 11 July 07 Oa P 18.7 0.4 9.3 0.8 2.4 49.6 4.5 43.6 24.6 1.1 0.7
Individual 12 July 07 Oa Low Ca + P 16.7 0.5 8.5 1.1 3.2 50.6 6.4 39.8 18.4 1.5 0.6
Individual 13 July 07 Oa P 8.3 0.3 4.9 0.6 3.4 58.4 6.6 31.6 20.1 1.4 0.4
Individual 14 July 07 Oa Control 30.4 1.0 18.2 1.9 3.2 59.9 6.2 30.7 22.1 1.2 0.4
Individual 15 July 07 Oa P 30.5 0.8 19.1 2.0 2.7 62.6 6.7 28.0 26.7 1.3 0.3
Individual 16 July 07 Oa Control 27.0 0.8 16.1 1.8 3.1 59.4 6.7 30.8 22.6 1.4 0.4
Individual 17 July 07 Oa Low Ca 43.7 1.1 23.8 2.7 2.5 54.4 6.2 36.8 25.0 1.4 0.5
Individual 18 July 07 Oa Low Ca + P 28.6 0.9 16.5 1.9 3.1 57.8 6.6 32.5 21.7 1.4 0.4
Individual 19 July 07 Oa High Ca 30.9 0.7 16.4 1.9 2.3 53.0 6.0 38.6 26.4 1.4 0.5
Individual 20 July 07 Oa P 14.1 0.6 10.0 1.3 4.4 71.0 9.2 15.4 18.8 1.6 0.2
Averages 1 July 07 Oa High Ca 24.8 0.8 15.3 1.7 3.3 63.2 7.2 26.3 22.6 1.4 0.3
Averages 2 July 07 Oa Low Ca 28.7 0.8 15.5 1.8 3.0 55.5 6.2 35.3 22.3 1.3 0.5
Averages 3 July 07 Oa Control 31.1 0.9 17.9 1.9 3.0 57.6 6.2 33.2 22.0 1.3 0.4
Averages 4 July 07 Oa Low Ca + P 27.3 0.7 14.5 1.6 2.8 52.6 5.9 38.8 22.2 1.3 0.6
Averages 5 July 07 Oa P 17.9 0.5 10.8 1.2 3.2 60.4 6.8 29.6 22.5 1.3 0.4
Std Errors 1 July 07 Oa High Ca 3.9 0.1 1.9 0.2 0.3 5.0 0.5 5.7 1.8 0.0 0.1
Std Errors 2 July 07 Oa Low Ca 6.3 0.1 3.1 0.4 0.4 4.7 0.5 5.6 1.3 0.0 0.1
Std Errors 3 July 07 Oa Control 2.4 0.1 1.1 0.0 0.0 1.2 0.3 1.5 0.3 0.0 0.0
Std Errors 4 July 07 Oa Low Ca + P 6.6 0.1 3.6 0.3 0.2 1.8 0.4 2.2 1.7 0.1 0.0
Std Errors 5 July 07 Oa P 4.7 0.1 3.0 0.3 0.4 4.4 1.0 5.8 1.9 0.1 0.1
Original Data Ash Free Basis
175
Whole Soil
Data Plot/Group Sampling event Horizon Treatment LOI % N %C %H % N %C %H %O C/N H/C O/C
Averages 1 Oct 07 Oie High Ca 52.6 1.9 34.8 4.0 3.6 66.2 7.5 22.7 21.6 1.4 0.3
Averages 2 Oct 07 Oie Low Ca 62.6 1.6 29.9 3.5 2.5 47.8 5.6 44.1 22.4 1.4 0.7
Averages 3 Oct 07 Oie Control 66.2 1.9 34.8 4.0 2.8 52.6 6.0 38.6 21.6 1.4 0.6
Averages 4 Oct 07 Oie Low Ca + P 68.1 1.8 35.4 3.8 2.6 51.9 5.6 39.9 23.2 1.3 0.6
Averages 5 Oct 07 Oie P 66.9 1.4 29.8 3.1 2.2 44.5 4.6 48.8 24.0 1.2 0.8
Averages 1 Oct 07 Oa High Ca 36.0 1.0 16.7 1.9 2.7 46.4 5.2 45.7 20.2 1.3 0.7
Averages 2 Oct 07 Oa Low Ca 37.1 0.8 14.2 1.6 2.2 38.2 4.4 55.2 20.2 1.4 1.1
Averages 3 Oct 07 Oa Control 30.6 0.8 14.3 1.6 2.7 46.8 5.3 45.2 20.4 1.4 0.7
Averages 4 Oct 07 Oa Low Ca + P 27.4 0.7 12.4 1.3 2.4 45.2 4.9 47.5 21.9 1.3 0.8
Averages 5 Oct 07 Oa P 25.9 0.9 16.8 1.6 3.3 64.9 6.3 25.5 22.6 1.2 0.3
Original Data Ash Free Basis
Whole Soil
Data Plot/Group Sampling event Horizon Treatment LOI % N %C %H % N %C %H %O C/N H/C O/C
Averages 1 May 08 Oie High Ca 47.9 1.3 24.2 2.7 2.7 50.6 5.7 40.9 21.6 1.4 0.6
Averages 2 May 08 Oie Low Ca 69.5 1.9 35.1 4.2 2.7 50.6 6.1 40.6 21.5 1.4 0.6
Averages 3 May 08 Oie Control 63.6 1.9 33.5 4.1 2.9 52.7 6.5 37.9 21.0 1.5 0.5
Averages 4 May 08 Oie Low Ca + P 47.3 1.4 25.6 3.1 2.9 54.2 6.5 36.3 21.6 1.4 0.5
Averages 5 May 08 Oie P 57.4 1.7 30.5 3.7 3.0 53.1 6.4 37.5 20.6 1.4 0.5
Averages 1 May 08 Oa High Ca 35.3 0.6 10.5 1.3 1.8 29.7 3.6 64.9 19.1 1.4 1.6
Averages 2 May 08 Oa Low Ca 32.6 0.8 12.7 1.4 2.4 39.0 4.3 54.3 18.9 1.3 1.0
Averages 3 May 08 Oa Control 23.9 0.7 11.3 1.2 2.9 47.3 4.9 44.9 19.0 1.2 0.7
Averages 4 May 08 Oa Low Ca + P 21.8 0.6 10.2 1.0 2.7 46.5 4.7 46.1 20.2 1.2 0.7
Averages 5 May 08 Oa P 29.6 0.8 14.7 1.4 2.7 49.7 4.9 42.8 21.9 1.2 0.6
Original Data Ash Free Basis
176
Whole Soil
Data Plot/Group Sampling event Horizon Treatment LOI % N %C %H % N %C %H %O C/N H/C O/C
Individual 1 July 08 Oie High Ca 54.8 1.3 26.2 2.5 2.4 47.9 4.5 45.2 22.8 1.1 0.7
Individual 2 July 08 Oie High Ca 59.9 1.7 32.4 3.7 2.8 54.0 6.1 37.1 22.6 1.4 0.5
Individual 3 July 08 Oie Low Ca 69.4 1.8 32.0 4.0 2.6 46.1 5.7 45.5 20.6 1.5 0.7
Individual 4 July 08 Oie Control 57.1 1.5 26.4 3.3 2.7 46.1 5.7 45.5 20.2 1.5 0.7
Individual 5 July 08 Oie Low Ca + P 74.9 1.8 34.2 4.1 2.4 45.7 5.4 46.5 21.9 1.4 0.8
Individual 6 July 08 Oie Low Ca 76.0 2.0 37.1 4.3 2.6 48.8 5.7 42.8 21.5 1.4 0.7
Individual 7 July 08 Oie Control 56.9 1.5 27.3 2.9 2.7 47.9 5.1 44.3 20.7 1.3 0.7
Individual 8 July 08 Oie Low Ca 76.0 1.9 37.2 4.3 2.5 48.9 5.6 42.9 23.0 1.4 0.7
Individual 9 July 08 Oie High Ca 58.1 1.6 25.9 3.3 2.7 44.6 5.6 47.1 19.3 1.5 0.8
Individual 10 July 08 Oie Low Ca + P 58.0 1.6 29.0 3.5 2.7 50.0 6.1 41.2 21.4 1.5 0.6
Individual 11 July 08 Oie P 63.3 1.6 32.0 3.8 2.5 50.5 6.0 41.1 23.6 1.4 0.6
Individual 12 July 08 Oie Low Ca + P 64.0 1.7 30.9 3.6 2.6 48.3 5.7 43.4 21.6 1.4 0.7
Individual 13 July 08 Oie P 49.7 1.2 22.5 2.7 2.5 45.2 5.5 46.8 21.3 1.5 0.8
Individual 14 July 08 Oie Control 60.5 1.7 31.0 3.6 2.8 51.2 5.9 40.0 21.0 1.4 0.6
Individual 15 July 08 Oie P 82.5 2.2 44.0 5.2 2.7 53.4 6.4 37.5 22.9 1.4 0.5
Individual 16 July 08 Oie Control 71.3 1.9 37.0 4.6 2.7 51.8 6.4 39.0 22.5 1.5 0.6
Individual 17 July 08 Oie Low Ca 76.8 1.9 39.6 4.2 2.5 51.5 5.5 40.6 24.3 1.3 0.6
Individual 18 July 08 Oie Low Ca + P 52.0 1.2 21.7 2.5 2.3 41.6 4.9 51.2 20.9 1.4 0.9
Individual 19 July 08 Oie High Ca 53.6 1.4 24.9 3.1 2.6 46.4 5.7 45.3 20.8 1.5 0.7
Individual 20 July 08 Oie P 29.7 1.0 17.1 2.0 3.4 57.5 6.8 32.3 19.9 1.4 0.4
Averages 1 July 08 Oie High Ca 56.6 1.5 27.3 3.1 2.6 48.2 5.5 43.7 21.4 1.4 0.7
Averages 2 July 08 Oie Low Ca 74.6 1.9 36.5 4.2 2.6 48.8 5.6 43.0 22.4 1.4 0.7
Averages 3 July 08 Oie Control 61.5 1.7 30.4 3.6 2.7 49.3 5.8 42.2 21.1 1.4 0.6
Averages 4 July 08 Oie Low Ca + P 62.2 1.6 28.9 3.4 2.5 46.4 5.5 45.6 21.5 1.4 0.7
Averages 5 July 08 Oie P 56.3 1.5 28.9 3.4 2.8 51.6 6.2 39.4 21.9 1.4 0.6
Std Errors 1 July 08 Oie High Ca 1.5 0.1 1.7 0.2 0.1 2.1 0.3 2.2 0.8 0.1 0.1
Std Errors 2 July 08 Oie Low Ca 1.7 0.0 1.6 0.1 0.0 1.1 0.1 1.0 0.8 0.0 0.0
Std Errors 3 July 08 Oie Control 3.4 0.1 2.4 0.4 0.0 1.4 0.3 1.6 0.5 0.1 0.0
Std Errors 4 July 08 Oie Low Ca + P 4.9 0.1 2.7 0.3 0.1 1.8 0.3 2.2 0.2 0.0 0.1
Std Errors 5 July 08 Oie P 11.1 0.3 5.9 0.7 0.2 2.6 0.3 3.1 0.8 0.0 0.1
Original Data Ash Free Basis
177
Whole Soil
Data Plot/Group Sampling event Horizon Treatment LOI % N %C %H % N %C %H %O C/N H/C O/C
Individual 1 July 08 Oa High Ca 25.9 0.8 13.4 1.5 2.9 51.9 5.8 39.3 20.8 1.3 0.6
Individual 2 July 08 Oa High Ca 17.3 0.5 9.1 0.9 2.7 52.4 5.5 39.4 22.4 1.3 0.6
Individual 3 July 08 Oa Low Ca 27.2 0.8 11.3 1.3 2.9 41.7 4.8 50.6 16.9 1.4 0.9
Individual 4 July 08 Oa Control 31.3 1.0 15.7 1.8 3.1 50.1 5.8 41.1 19.1 1.4 0.6
Individual 5 July 08 Oa Low Ca + P 27.2 0.8 14.2 1.6 2.8 52.4 6.0 38.9 21.9 1.4 0.6
Individual 6 July 08 Oa Low Ca 35.7 1.1 15.6 1.9 3.0 43.7 5.2 48.1 16.9 1.4 0.8
Individual 7 July 08 Oa Control 28.1 0.9 14.4 1.4 3.3 51.4 4.8 40.4 18.1 1.1 0.6
Individual 8 July 08 Oa Low Ca 21.6 0.7 12.1 1.2 3.1 55.9 5.7 35.4 21.2 1.2 0.5
Individual 9 July 08 Oa High Ca 31.4 0.9 13.4 1.6 3.0 42.7 5.2 49.2 16.8 1.5 0.9
Individual 10 July 08 Oa Low Ca + P 21.1 0.6 9.6 1.2 2.9 45.6 5.5 46.0 18.6 1.4 0.8
Individual 11 July 08 Oa P 19.0 0.6 10.4 1.0 3.0 54.5 5.5 37.1 21.5 1.2 0.5
Individual 12 July 08 Oa Low Ca + P 18.0 0.5 8.0 0.9 2.9 44.6 5.0 47.5 17.9 1.3 0.8
Individual 13 July 08 Oa P 21.7 0.6 10.1 1.1 2.9 46.7 5.1 45.4 19.1 1.3 0.7
Individual 14 July 08 Oa Control 26.0 0.7 11.3 1.2 2.6 43.6 4.6 49.1 19.5 1.3 0.8
Individual 15 July 08 Oa P 45.8 1.0 21.3 2.3 2.2 46.6 4.9 46.3 24.9 1.3 0.7
Individual 16 July 08 Oa Control 32.6 0.9 14.6 1.6 2.7 44.6 4.9 47.8 19.6 1.3 0.8
Individual 17 July 08 Oa Low Ca 35.1 0.9 16.2 1.8 2.6 46.1 5.2 46.0 20.4 1.4 0.7
Individual 18 July 08 Oa Low Ca + P 23.5 0.7 12.4 1.5 3.1 52.7 6.5 37.7 20.0 1.5 0.5
Individual 19 July 08 Oa High Ca 34.4 0.8 17.0 1.7 2.2 49.6 5.0 43.2 25.8 1.2 0.7
Individual 20 July 08 Oa P 17.9 0.5 7.4 0.8 2.8 41.3 4.4 51.4 16.9 1.3 0.9
Averages 1 July 08 Oa High Ca 27.2 0.7 13.2 1.4 2.7 49.2 5.4 42.8 21.5 1.3 0.7
Averages 2 July 08 Oa Low Ca 29.9 0.9 13.8 1.6 2.9 46.9 5.2 45.0 18.8 1.3 0.7
Averages 3 July 08 Oa Control 29.5 0.9 14.0 1.5 2.9 47.4 5.0 44.6 19.1 1.3 0.7
Averages 4 July 08 Oa Low Ca + P 22.4 0.7 11.1 1.3 2.9 48.8 5.7 42.5 19.6 1.4 0.7
Averages 5 July 08 Oa P 26.1 0.7 12.3 1.3 2.7 47.3 5.0 45.0 20.6 1.3 0.7
Std Errors 1 July 08 Oa High Ca 3.7 0.1 1.6 0.2 0.2 2.2 0.2 2.3 1.9 0.1 0.1
Std Errors 2 July 08 Oa Low Ca 3.4 0.1 1.2 0.2 0.1 3.1 0.2 3.4 1.1 0.0 0.1
Std Errors 3 July 08 Oa Control 1.5 0.1 0.9 0.1 0.2 1.9 0.3 2.3 0.4 0.1 0.1
Std Errors 4 July 08 Oa Low Ca + P 1.9 0.1 1.4 0.2 0.1 2.2 0.3 2.5 0.9 0.0 0.1
Std Errors 5 July 08 Oa P 6.6 0.1 3.1 0.3 0.2 2.7 0.2 3.0 1.7 0.0 0.1
Original Data Ash Free Basis
178
Whole Soil
Data Plot/Group Sampling event Horizon Treatment LOI % N %C %H % N %C %H %O C/N H/C O/C
Averages 1 Oct 08 Oie High Ca 43.4 1.6 28.1 2.7 3.6 64.7 6.3 25.4 20.9 1.2 0.3
Averages 2 Oct 08 Oie Low Ca 74.5 1.8 37.6 4.0 2.4 50.5 5.4 41.7 24.4 1.3 0.6
Averages 3 Oct 08 Oie Control 73.2 2.1 40.1 4.5 2.9 54.7 6.1 36.3 22.3 1.3 0.5
Averages 4 Oct 08 Oie Low Ca + P 63.4 1.6 30.8 3.5 2.5 48.6 5.6 43.3 22.3 1.4 0.7
Averages 5 Oct 08 Oie P 68.7 1.7 34.0 4.0 2.5 49.6 5.8 42.2 23.3 1.4 0.6
Averages 1 Oct 08 Oa High Ca 31.5 0.9 15.8 1.7 2.8 50.2 5.4 41.7 21.2 1.3 0.6
Averages 2 Oct 08 Oa Low Ca 38.2 0.9 15.9 1.7 2.4 41.7 4.4 51.4 19.9 1.3 0.9
Averages 3 Oct 08 Oa Control 29.9 1.1 19.0 2.2 3.8 63.5 7.5 25.2 19.3 1.4 0.3
Averages 4 Oct 08 Oa Low Ca + P 31.6 0.6 9.5 1.0 1.8 30.1 3.2 64.9 19.2 1.3 1.6
Averages 5 Oct 08 Oa P 32.6 0.8 14.7 1.5 2.4 45.2 4.5 47.9 22.1 1.2 0.8
Original Data Ash Free Basis
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Elevation Study
HWEOM
Watershed Month/Yr Elevation Horizon mg HWEOC/g soil LOI % N %C %H % N %C %H %O C/N H/C O/C mg OM/g soil mg HWEOC/g soil C
W1 Oct-06 SF Oie 9.2 85.0 4.9 38.1 4.8 5.8 44.8 5.7 43.7 9.0 1.5 0.7 204.4 24.0
W1 Oct-06 High Oie 7.9 84.6 5.0 34.0 4.7 6.0 40.2 5.6 48.2 7.9 1.7 0.9 197.0 23.3
W1 Oct-06 Mid Oie 6.9 81.5 5.8 34.2 4.8 7.1 41.9 5.9 45.1 6.9 1.7 0.8 164.8 20.2
W1 Oct-06 Low Oie 5.6 81.1 5.4 34.7 4.8 6.6 42.9 6.0 44.6 7.6 1.7 0.8 131.2 16.2
W1 Oct-06 SF Oa 3.6 89.8 5.0 38.8 5.6 5.5 43.2 6.2 45.0 9.1 1.7 0.8 82.4 9.2
W1 Oct-06 High Oa 2.4 98.2 5.1 36.9 5.6 5.2 37.6 5.7 51.6 8.5 1.8 1.0 65.0 6.6
W1 Oct-06 Mid Oa 2.2 89.7 4.9 38.6 5.5 5.5 43.0 6.2 45.3 9.2 1.7 0.8 51.9 5.8
W1 Oct-06 Low Oa 1.8 87.8 5.3 37.6 5.7 6.0 42.8 6.5 44.7 8.3 1.8 0.8 43.2 4.9
W1 Oct-07 SF Oie 7.3 94.4 4.0 41.9 5.6 4.2 44.3 5.9 45.6 12.4 1.6 0.8 165.3 17.5
W1 Oct-07 High Oie 6.1 92.1 4.5 36.5 5.1 4.9 39.6 5.6 49.9 9.4 1.7 0.9 154.5 16.8
W1 Oct-07 Mid Oie 7.8 87.9 4.1 39.6 5.4 4.7 45.0 6.1 44.2 11.2 1.6 0.7 173.7 19.8
W1 Oct-07 Low Oie 6.0 90.1 4.1 37.4 5.3 4.5 41.5 5.9 48.1 10.7 1.7 0.9 144.1 16.0
W1 Oct-07 SF Oa 3.7 93.8 3.9 41.5 6.2 4.2 44.2 6.6 45.0 12.4 1.8 0.8 84.5 9.0
W1 Oct-07 High Oa 1.9 88.6 4.1 39.6 5.4 4.6 44.7 6.1 44.6 11.4 1.6 0.7 41.8 4.7
W1 Oct-07 Mid Oa 2.2 87.8 4.0 39.8 5.2 4.5 45.3 5.9 44.3 11.7 1.6 0.7 48.7 5.5
W1 Oct-07 Low Oa 2.0 89.6 4.1 38.8 5.5 4.6 43.3 6.1 46.0 11.0 1.7 0.8 46.1 5.1
W1 Oct-08 SF Oie 8.8 88.9 4.0 41.6 5.5 4.5 46.8 6.2 42.6 12.2 1.6 0.7 188.5 21.2
W1 Oct-08 High Oie 8.9 83.4 4.4 37.1 4.8 5.3 44.5 5.8 44.4 9.8 1.6 0.7 199.4 23.9
W1 Oct-08 Mid Oie 8.0 85.4 3.9 39.1 5.2 4.6 45.8 6.1 43.6 11.6 1.6 0.7 175.1 20.5
W1 Oct-08 Low Oie 7.0 81.9 3.9 37.8 5.2 4.8 46.2 6.3 42.7 11.2 1.6 0.7 152.0 18.5
W1 Oct-08 SF Oa 4.6 92.4 3.8 41.8 6.1 4.2 45.3 6.6 44.0 12.7 1.8 0.7 102.4 11.1
W1 Oct-08 High Oa 3.9 88.2 4.2 38.2 4.8 4.7 43.3 5.5 46.5 10.7 1.5 0.8 88.9 10.1
W1 Oct-08 Mid Oa 2.1 88.4 4.2 39.0 5.7 4.7 44.1 6.4 44.7 10.9 1.7 0.8 47.1 5.3
W1 Oct-08 Low Oa 2.1 87.4 4.0 39.2 5.8 4.6 44.8 6.6 44.0 11.4 1.8 0.7 47.6 5.4
Original Data Ash Free Basis
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HWEOM
Watershed Month/Yr Elevation Horizon mg HWEOC/g soil LOI % N %C %H % N %C %H %O C/N H/C O/C mg OM/g soil mg HWEOC/g soil C
W6 Oct-06 SF Oie 12.6 93.2 4.3 43.7 5.4 4.6 46.9 5.8 42.7 11.9 1.5 0.7 268.4 28.8
W6 Oct-06 High Oie 8.8 91.8 5.5 40.8 5.8 5.9 44.5 6.3 43.3 8.7 1.7 0.7 198.2 21.6
W6 Oct-06 Mid Oie 7.8 86.7 5.8 37.8 5.2 6.7 43.6 6.0 43.7 7.6 1.6 0.8 178.1 20.5
W6 Oct-06 Low Oie 6.9 88.3 4.9 40.8 5.8 5.6 46.2 6.5 41.7 9.7 1.7 0.7 150.3 17.0
W6 Oct-06 SF Oa 5.0 93.3 4.4 41.6 6.0 4.7 44.6 6.5 44.2 11.1 1.7 0.7 112.2 12.0
W6 Oct-06 High Oa 1.8 89.1 5.9 36.0 5.9 6.6 40.5 6.6 46.4 7.2 2.0 0.9 44.1 5.0
W6 Oct-06 Mid Oa 1.4 85.5 7.1 33.3 5.5 8.3 39.0 6.4 46.3 5.5 2.0 0.9 36.0 4.2
W6 Oct-06 Low Oa 2.0 89.2 4.7 39.2 6.2 5.2 43.9 7.0 43.9 9.8 1.9 0.7 46.2 5.2
W6 Oct-07 SF Oie 11.3 88.1 3.9 44.2 6.1 4.5 50.1 6.9 38.5 13.1 1.6 0.6 225.4 25.6
W6 Oct-07 High Oie 5.4 81.7 4.5 41.5 5.7 5.5 50.8 7.0 36.7 10.7 1.6 0.5 105.6 12.9
W6 Oct-07 Mid Oie 3.4 85.0 4.4 39.1 5.4 5.2 46.0 6.4 42.3 10.3 1.7 0.7 74.9 8.8
W6 Oct-07 Low Oie 5.3 82.9 4.1 41.4 5.9 4.9 49.9 7.1 38.0 11.8 1.7 0.6 106.2 12.8
W6 Oct-07 SF Oa 2.3 91.6 3.7 42.4 6.3 4.0 46.2 6.8 42.9 13.5 1.8 0.7 50.1 5.5
W6 Oct-07 High Oa 2.0 87.2 4.8 38.7 6.1 5.6 44.4 7.0 43.1 9.3 1.9 0.7 44.5 5.1
W6 Oct-07 Mid Oa 1.6 88.8 5.6 35.6 5.6 6.3 40.1 6.3 47.4 7.5 1.9 0.9 39.2 4.4
W6 Oct-07 Low Oa 1.8 88.2 3.7 41.5 6.1 4.2 47.0 6.9 41.9 13.2 1.8 0.7 37.5 4.3
W6 Oct-08 SF Oie 13.3 92.4 3.8 42.8 5.6 4.1 46.3 6.1 43.5 13.3 1.6 0.7 287.3 31.1
W6 Oct-08 High Oie 6.7 104.9 4.7 39.4 5.9 4.5 37.6 5.7 52.3 9.8 1.8 1.0 178.0 17.0
W6 Oct-08 Mid Oie 9.5 86.6 4.4 39.5 5.7 5.1 45.6 6.6 42.7 10.4 1.7 0.7 208.5 24.1
W6 Oct-08 Low Oie 8.0 89.7 3.8 41.3 5.8 4.2 46.0 6.5 43.3 12.6 1.7 0.7 174.1 19.4
W6 Oct-08 SF Oa 4.9 93.7 3.4 42.4 6.4 3.7 45.3 6.8 44.2 14.4 1.8 0.7 108.4 11.6
W6 Oct-08 High Oa 1.7 89.2 5.3 38.0 5.7 6.0 42.6 6.4 45.1 8.3 1.8 0.8 39.6 4.4
W6 Oct-08 Mid Oa 1.3 87.4 5.1 37.3 6.1 5.9 42.7 7.0 44.5 8.5 2.0 0.8 29.7 3.4
W6 Oct-08 Low Oa 2.2 91.6 3.3 41.9 6.3 3.7 45.7 6.9 43.7 14.6 1.8 0.7 48.5 5.3
Original Data Ash Free Basis
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HWEOM
Watershed Month/Yr Elevation Horizon mg HWEOC/g soil LOI % N %C %H % N %C %H %O C/N H/C O/C mg OM/g soil mg HWEOC/g soil C
W6 38991.0 SF Oie 12.6 93.2 4.3 43.7 5.4 4.6 46.9 5.8 42.7 11.9 1.5 0.7 268.4 28.8
W6 38991.0 High Oie 8.8 91.8 5.5 40.8 5.8 5.9 44.5 6.3 43.3 8.7 1.7 0.7 198.2 21.6
W6 38991.0 Mid Oie 7.8 86.7 5.8 37.8 5.2 6.7 43.6 6.0 43.7 7.6 1.6 0.8 178.1 20.5
W6 38991.0 Low Oie 6.9 88.3 4.9 40.8 5.8 5.6 46.2 6.5 41.7 9.7 1.7 0.7 150.3 17.0
W6 38991.0 SF Oa 5.0 93.3 4.4 41.6 6.0 4.7 44.6 6.5 44.2 11.1 1.7 0.7 112.2 12.0
W6 38991.0 High Oa 1.8 89.1 5.9 36.0 5.9 6.6 40.5 6.6 46.4 7.2 2.0 0.9 44.1 5.0
W6 38991.0 Mid Oa 1.4 85.5 7.1 33.3 5.5 8.3 39.0 6.4 46.3 5.5 2.0 0.9 36.0 4.2
W6 38991.0 Low Oa 2.0 89.2 4.7 39.2 6.2 5.2 43.9 7.0 43.9 9.8 1.9 0.7 46.2 5.2
W6 39356.0 SF Oie 11.3 88.1 3.9 44.2 6.1 4.5 50.1 6.9 38.5 13.1 1.6 0.6 225.4 25.6
W6 39356.0 High Oie 5.4 81.7 4.5 41.5 5.7 5.5 50.8 7.0 36.7 10.7 1.6 0.5 105.6 12.9
W6 39356.0 Mid Oie 3.4 85.0 4.4 39.1 5.4 5.2 46.0 6.4 42.3 10.3 1.7 0.7 74.9 8.8
W6 39356.0 Low Oie 5.3 82.9 4.1 41.4 5.9 4.9 49.9 7.1 38.0 11.8 1.7 0.6 106.2 12.8
W6 39356.0 SF Oa 2.3 91.6 3.7 42.4 6.3 4.0 46.2 6.8 42.9 13.5 1.8 0.7 50.1 5.5
W6 39356.0 High Oa 2.0 87.2 4.8 38.7 6.1 5.6 44.4 7.0 43.1 9.3 1.9 0.7 44.5 5.1
W6 39356.0 Mid Oa 1.6 88.8 5.6 35.6 5.6 6.3 40.1 6.3 47.4 7.5 1.9 0.9 39.2 4.4
W6 39356.0 Low Oa 1.8 88.2 3.7 41.5 6.1 4.2 47.0 6.9 41.9 13.2 1.8 0.7 37.5 4.3
W6 39722.0 SF Oie 13.3 92.4 3.8 42.8 5.6 4.1 46.3 6.1 43.5 13.3 1.6 0.7 287.3 31.1
W6 39722.0 High Oie 6.7 104.9 4.7 39.4 5.9 4.5 37.6 5.7 52.3 9.8 1.8 1.0 178.0 17.0
W6 39722.0 Mid Oie 9.5 86.6 4.4 39.5 5.7 5.1 45.6 6.6 42.7 10.4 1.7 0.7 208.5 24.1
W6 39722.0 Low Oie 8.0 89.7 3.8 41.3 5.8 4.2 46.0 6.5 43.3 12.6 1.7 0.7 174.1 19.4
W6 39722.0 SF Oa 4.9 93.7 3.4 42.4 6.4 3.7 45.3 6.8 44.2 14.4 1.8 0.7 108.4 11.6
W6 39722.0 High Oa 1.7 89.2 5.3 38.0 5.7 6.0 42.6 6.4 45.1 8.3 1.8 0.8 39.6 4.4
W6 39722.0 Mid Oa 1.3 87.4 5.1 37.3 6.1 5.9 42.7 7.0 44.5 8.5 2.0 0.8 29.7 3.4
W6 39722.0 Low Oa 2.2 91.6 3.3 41.9 6.3 3.7 45.7 6.9 43.7 14.6 1.8 0.7 48.5 5.3
Original Data Ash Free Basis
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Whole Soil
Watershed Month/Yr Elevation Horizon LOI % N %C %H % N %C %H %O C/N H/C O/C
W1 Oct-06 SF Oie 84.1 2.2 43.7 4.4 2.6 51.9 5.2 40.3 23.4 1.2 0.6
W1 Oct-06 High Oie 67.1 1.6 31.0 3.4 2.4 46.3 5.1 46.2 22.8 1.3 0.7
W1 Oct-06 Mid Oie 75.9 1.9 37.5 4.3 2.4 49.4 5.6 42.6 23.5 1.4 0.6
W1 Oct-06 Low Oie 65.3 1.6 34.7 3.5 2.5 53.1 5.3 39.0 24.8 1.2 0.6
W1 Oct-06 SF Oa 63.4 1.6 33.5 3.5 2.4 52.9 5.5 39.1 25.2 1.3 0.6
W1 Oct-06 High Oa 39.8 1.1 20.5 2.4 2.7 51.6 6.0 39.7 22.4 1.4 0.6
W1 Oct-06 Mid Oa 37.5 0.8 16.1 1.6 2.0 43.1 4.2 50.7 25.0 1.2 0.9
W1 Oct-06 Low Oa 36.1 0.8 16.7 1.7 2.2 46.3 4.6 46.8 24.1 1.2 0.8
W1 Oct-07 SF Oie 87.1 2.1 46.2 5.3 2.4 53.0 6.0 38.6 26.0 1.4 0.5
W1 Oct-07 High Oie 73.8 1.7 34.7 3.8 2.2 47.0 5.1 45.6 24.4 1.3 0.7
W1 Oct-07 Mid Oie 76.2 1.8 37.8 4.4 2.3 49.6 5.7 42.3 24.7 1.4 0.6
W1 Oct-07 Low Oie 65.1 1.7 33.8 4.0 2.6 51.9 6.1 39.5 23.6 1.4 0.6
W1 Oct-07 SF Oa 62.4 1.7 35.1 4.0 2.7 56.2 6.4 34.6 24.2 1.4 0.5
W1 Oct-07 High Oa 66.7 0.7 14.5 1.5 1.1 21.8 2.2 74.9 24.0 1.2 2.6
W1 Oct-07 Mid Oa 32.5 0.8 19.6 2.0 2.6 60.3 6.1 31.0 26.9 1.2 0.4
W1 Oct-07 Low Oa 36.9 0.8 16.5 1.2 2.1 44.7 3.3 49.9 24.3 0.9 0.8
W1 Oct-08 SF Oie 83.9 2.0 44.7 4.5 2.4 53.3 5.4 38.9 25.6 1.2 0.5
W1 Oct-08 High Oie 63.9 1.8 33.8 4.6 2.8 52.9 7.1 37.2 22.2 1.6 0.5
W1 Oct-08 Mid Oie 72.6 1.7 36.3 4.1 2.4 50.0 5.7 41.9 24.3 1.4 0.6
W1 Oct-08 Low Oie 57.4 1.2 25.1 3.3 2.2 43.7 5.7 48.4 23.5 1.6 0.8
W1 Oct-08 SF Oa 78.4 1.6 35.3 4.4 2.1 45.0 5.6 47.3 25.1 1.5 0.8
W1 Oct-08 High Oa 37.7 1.1 20.6 2.9 2.8 54.6 7.7 34.9 22.5 1.7 0.5
W1 Oct-08 Mid Oa 30.1 0.8 15.3 2.0 2.6 50.9 6.7 39.8 23.3 1.6 0.6
W1 Oct-08 Low Oa 27.2 1.2 24.9 3.3 4.6 91.4 12.0 -8.0 23.4 1.6 -0.1
Original Data Ash Free Basis
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Whole Soil
Watershed Month/Yr Elevation Horizon LOI % N %C %H % N %C %H %O C/N H/C O/C
W6 Oct-06 SF Oie 90.0 2.3 51.4 1.1 2.6 57.2 1.2 39.1 26.0 0.2 0.5
W6 Oct-06 High Oie 71.8 1.7 32.1 3.6 2.3 44.7 5.0 47.9 22.2 1.3 0.8
W6 Oct-06 Mid Oie 73.9 2.0 37.6 4.0 2.7 50.9 5.4 41.0 22.1 1.3 0.6
W6 Oct-06 Low Oie 97.5 2.2 46.7 4.9 2.3 47.9 5.0 44.8 24.7 1.3 0.7
W6 Oct-06 SF Oa 64.0 1.6 33.2 3.7 2.5 51.9 5.8 39.8 24.4 1.3 0.6
W6 Oct-06 High Oa 38.7 1.0 21.3 2.4 2.7 55.2 6.1 36.0 23.8 1.3 0.5
W6 Oct-06 Mid Oa 32.1 0.7 12.6 1.1 2.2 39.1 3.5 55.2 20.9 1.1 1.1
W6 Oct-06 Low Oa 56.2 1.3 28.4 3.1 2.3 50.5 5.5 41.7 25.1 1.3 0.6
W6 Oct-07 SF Oie 87.7 2.2 48.1 5.5 2.6 54.9 6.2 36.3 24.9 1.4 0.5
W6 Oct-07 High Oie 78.4 2.0 39.6 4.2 2.6 50.5 5.3 41.6 22.7 1.3 0.6
W6 Oct-07 Mid Oie 73.8 1.7 35.9 4.2 2.3 48.6 5.6 43.4 24.5 1.4 0.7
W6 Oct-07 Low Oie 72.4 1.6 39.8 4.3 2.3 55.1 5.9 36.8 28.3 1.3 0.5
W6 Oct-07 SF Oa 53.3 1.4 29.4 3.5 2.6 55.1 6.5 35.8 24.8 1.4 0.5
W6 Oct-07 High Oa 36.1 0.9 18.5 2.1 2.6 51.3 5.7 40.3 22.9 1.3 0.6
W6 Oct-07 Mid Oa 25.5 0.6 11.3 1.1 2.5 44.4 4.1 48.9 20.4 1.1 0.8
W6 Oct-07 Low Oa 53.8 1.4 29.9 3.3 2.6 55.6 6.1 35.6 25.2 1.3 0.5
W6 Oct-08 SF Oie 92.1 2.2 47.8 5.4 2.4 51.9 5.8 39.9 25.7 1.4 0.6
W6 Oct-08 High Oie 71.3 1.9 36.0 4.9 2.7 50.5 6.9 39.9 21.9 1.6 0.6
W6 Oct-08 Mid Oie 71.7 1.8 35.0 4.8 2.5 48.9 6.7 41.9 23.1 1.6 0.6
W6 Oct-08 Low Oie 77.2 1.9 41.4 4.7 2.5 53.6 6.1 37.8 25.2 1.4 0.5
W6 Oct-08 SF Oa 59.5 1.4 30.1 3.8 2.3 50.6 6.4 40.7 25.6 1.5 0.6
W6 Oct-08 High Oa 39.1 1.0 18.3 2.7 2.6 46.9 7.0 43.6 21.0 1.8 0.7
W6 Oct-08 Mid Oa 28.0 0.6 11.0 1.6 2.3 39.3 5.6 52.8 20.3 1.7 1.0
W6 Oct-08 Low Oa 51.6 0.7 15.1 2.0 1.4 29.3 3.9 65.4 24.1 1.6 1.7
Original Data Ash Free Basis
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Additional events
Whole Soil
Watershed Month/Yr Elevation Horizon LOI % N %C %H % N %C %H %O C/N H/C O/C
W1 July 06 SF Oie 86.3 2.2 46.3 4.9 2.6 53.7 5.7 38.0 24.2 1.3 0.5
W1 July 06 High Oie 63.0 1.9 36.1 4.3 3.0 57.3 6.9 32.9 22.5 1.4 0.4
W1 July 06 Mid Oie 70.0 2.0 40.0 4.7 2.9 57.1 6.7 33.2 23.1 1.4 0.4
W1 July 06 Low Oie 65.2 2.0 37.5 4.5 3.0 57.4 6.9 32.6 22.3 1.5 0.4
W1 July 06 SF Oa 71.6 2.0 39.9 4.3 2.8 55.7 6.1 35.5 23.5 1.3 0.5
W1 July 06 High Oa 35.6 1.1 20.3 2.6 3.2 56.9 7.2 32.7 20.9 1.5 0.4
W1 July 06 Mid Oa 39.3 1.0 20.6 2.5 2.5 52.4 6.3 38.8 24.2 1.4 0.6
W1 July 06 Low Oa 36.4 1.3 24.2 2.8 3.5 66.4 7.8 22.3 21.9 1.4 0.3
W1 July 07 SF Oie 84.1 2.1 45.8 5.0 2.5 54.4 5.9 37.1 25.3 1.3 0.5
W1 July 07 High Oie 56.3 1.5 27.6 3.1 2.7 49.1 5.5 42.7 21.3 1.3 0.7
W1 July 07 Mid Oie 71.6 1.9 38.4 4.2 2.6 53.7 5.9 37.8 23.9 1.3 0.5
W1 July 07 Low Oie 39.6 1.2 21.5 2.4 3.0 54.3 6.2 36.5 20.9 1.4 0.5
W1 July 07 SF Oa 66.7 1.6 34.2 3.8 2.5 51.3 5.7 40.6 24.4 1.3 0.6
W1 July 07 High Oa 39.2 0.9 16.6 2.0 2.2 42.2 5.1 50.5 22.6 1.5 0.9
W1 July 07 Mid Oa 43.2 0.9 18.8 2.1 2.2 43.4 4.9 49.5 23.2 1.4 0.9
W1 July 07 Low Oa 25.1 0.6 10.0 1.1 2.2 40.1 4.5 53.2 20.8 1.3 1.0
W1 July 08 SF Oie 85.0 2.1 45.1 5.0 2.5 53.1 5.9 38.5 24.7 1.3 0.5
W1 July 08 High Oie 69.7 2.0 38.1 4.7 2.8 54.7 6.7 35.8 22.5 1.5 0.5
W1 July 08 Mid Oie 64.1 1.6 32.3 3.9 2.5 50.5 6.0 41.0 23.3 1.4 0.6
W1 July 08 Low Oie 69.2 1.6 31.4 3.8 2.3 45.4 5.4 46.9 23.0 1.4 0.8
W1 July 08 SF Oa 68.2 1.8 36.0 4.3 2.6 52.8 6.2 38.3 23.3 1.4 0.5
W1 July 08 High Oa 35.8 0.8 15.9 2.0 2.4 44.4 5.6 47.6 21.8 1.5 0.8
W1 July 08 Mid Oa 29.3 0.6 12.6 1.4 2.2 43.1 4.8 49.9 23.3 1.3 0.9
W1 July 08 Low Oa 31.4 0.6 12.8 1.3 2.0 40.9 4.3 52.8 23.7 1.3 1.0
Original Data Ash Free Basis
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Whole Soil
Watershed Month/Yr Elevation Horizon LOI % N %C %H % N %C %H %O C/N H/C O/C
W6 July 06 SF Oie 92.0 2.2 49.6 5.8 2.4 54.0 6.3 37.3 26.6 1.4 0.5
W6 July 06 High Oie 76.7 1.9 35.5 4.7 2.5 46.3 6.1 45.2 22.0 1.6 0.7
W6 July 06 Mid Oie 64.2 2.0 37.8 4.7 3.1 58.9 7.3 30.7 21.9 1.5 0.4
W6 July 06 Low Oie 79.7 2.2 44.2 5.1 2.7 55.4 6.4 35.5 24.0 1.4 0.5
W6 July 06 SF Oa 57.8 1.5 30.3 3.7 2.5 52.3 6.4 38.7 24.0 1.5 0.6
W6 July 06 High Oa 40.8 1.1 20.2 2.6 2.8 49.6 6.4 41.2 21.0 1.6 0.6
W6 July 06 Mid Oa 32.0 0.9 14.8 1.8 2.8 46.3 5.7 45.1 19.0 1.5 0.7
W6 July 06 Low Oa 64.9 1.4 32.0 3.5 2.1 49.3 5.3 43.2 27.1 1.3 0.7
W6 July 07 SF Oie 86.0 2.2 46.0 5.3 2.5 53.5 6.2 37.8 25.0 1.4 0.5
W6 July 07 High Oie 67.6 2.1 39.7 4.8 3.1 58.7 7.1 31.2 22.4 1.4 0.4
W6 July 07 Mid Oie 57.3 1.8 34.1 4.0 3.2 59.6 6.9 30.3 21.9 1.4 0.4
W6 July 07 Low Oie 77.6 1.9 39.1 4.6 2.4 50.3 5.9 41.4 24.1 1.4 0.6
W6 July 07 SF Oa 57.1 1.3 29.4 3.3 2.3 51.5 5.8 40.4 25.7 1.3 0.6
W6 July 07 High Oa 38.0 1.2 22.8 2.7 3.2 60.0 7.1 29.8 22.2 1.4 0.4
W6 July 07 Mid Oa 23.8 0.7 11.2 1.2 2.9 47.1 5.2 44.8 19.0 1.3 0.7
W6 July 07 Low Oa 58.9 1.2 25.6 2.6 2.0 43.4 4.4 50.2 24.8 1.2 0.9
W6 July 08 SF Oie 91.9 2.3 50.6 0.0 2.5 55.1 0.0 42.4 25.7 0.0 0.6
W6 July 08 High Oie 79.8 2.2 40.7 5.3 2.7 51.0 6.6 39.7 22.0 1.6 0.6
W6 July 08 Mid Oie 67.7 1.7 33.5 4.2 2.6 49.4 6.2 41.8 22.6 1.5 0.6
W6 July 08 Low Oie 74.2 1.9 39.3 4.8 2.6 52.9 6.5 38.0 23.8 1.5 0.5
W6 July 08 SF Oa 62.7 1.6 31.6 3.8 2.5 50.4 6.0 41.0 23.1 1.4 0.6
W6 July 08 High Oa 32.6 0.9 17.1 2.2 2.9 52.3 6.7 38.2 21.3 1.5 0.5
W6 July 08 Mid Oa 25.9 0.6 11.4 1.3 2.4 43.9 4.9 48.7 21.2 1.3 0.8
W6 July 08 Low Oa 53.5 1.4 29.1 3.1 2.5 54.4 5.8 37.3 24.9 1.3 0.5
Original Data Ash Free Basis
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Whole Soil
Watershed Month/Yr Elevation Horizon LOI % N %C %H % N %C %H %O C/N H/C O/C
W1 May 07 SF Oie 74.4 2.0 43.2 4.7 2.8 58.1 6.3 32.9 24.6 1.3 0.4
W1 May 07 High Oie 63.3 1.8 32.5 3.8 2.8 51.4 6.0 39.7 21.4 1.4 0.6
W1 May 07 Mid Oie 65.2 1.6 34.1 3.7 2.4 52.3 5.7 39.6 25.5 1.3 0.6
W1 May 07 Low Oie 51.3 1.4 27.5 3.0 2.8 53.6 6.0 37.6 22.4 1.3 0.5
W1 May 07 SF Oa 59.2 1.3 27.0 2.7 2.2 45.6 4.6 47.6 23.8 1.2 0.8
W1 May 07 High Oa 35.9 0.7 13.7 1.6 2.1 38.2 4.4 55.3 21.6 1.4 1.1
W1 May 07 Mid Oa 25.1 0.6 12.5 1.3 2.5 50.1 5.2 42.2 22.9 1.3 0.6
W1 May 07 Low Oa 30.2 0.7 15.4 1.5 2.5 51.1 5.0 41.5 24.3 1.2 0.6
W1 May 08 SF Oie 84.8 2.2 44.5 4.4 2.5 52.4 5.2 39.8 24.0 1.2 0.6
W1 May 08 High Oie 67.7 1.8 33.3 3.8 2.6 49.2 5.5 42.7 22.1 1.4 0.7
W1 May 08 Mid Oie 71.0 1.8 36.9 4.3 2.5 52.0 6.0 39.4 24.1 1.4 0.6
W1 May 08 Low Oie 65.2 1.8 34.9 4.1 2.8 53.5 6.2 37.4 22.1 1.4 0.5
W1 May 08 SF Oa 63.6 1.6 32.4 3.6 2.6 50.9 5.7 40.8 23.1 1.3 0.6
W1 May 08 High Oa 34.2 0.7 13.2 1.6 2.0 38.5 4.6 54.9 22.0 1.4 1.1
W1 May 08 Mid Oa 34.8 0.8 16.7 1.8 2.4 47.9 5.1 44.5 23.5 1.3 0.7
W1 May 08 Low Oa 30.9 0.8 15.5 1.6 2.5 50.2 5.2 42.0 23.1 1.2 0.6
Original Data Ash Free Basis
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Whole Soil
Watershed Month/Yr Elevation Horizon LOI % N %C %H % N %C %H %O C/N H/C O/C
W6 May 07 SF Oie 83.0 2.1 42.1 4.7 2.5 50.7 5.7 41.0 23.5 1.4 0.6
W6 May 07 High Oie 70.5 2.1 42.2 5.1 3.0 59.8 7.2 30.0 23.0 1.4 0.4
W6 May 07 Mid Oie 52.8 1.4 25.1 2.8 2.7 47.6 5.4 44.4 20.9 1.4 0.7
W6 May 07 Low Oie 76.3 2.0 39.9 4.4 2.6 52.4 5.7 39.3 23.7 1.3 0.6
W6 May 07 SF Oa 51.6 1.4 29.8 3.3 2.7 57.8 6.4 33.2 25.3 1.3 0.4
W6 May 07 High Oa 32.5 0.8 14.8 1.6 2.4 45.4 5.0 47.1 21.8 1.3 0.8
W6 May 07 Mid Oa 20.6 0.4 6.9 0.8 2.1 33.7 3.7 60.5 18.4 1.3 1.3
W6 May 07 Low Oa 50.5 1.1 24.3 2.5 2.2 48.1 4.9 44.8 25.4 1.2 0.7
W6 May 08 SF Oie 89.6 2.3 49.1 5.4 2.6 54.8 6.1 36.6 24.9 1.3 0.5
W6 May 08 High Oie 75.3 2.1 40.3 5.0 2.8 53.6 6.6 37.0 22.3 1.5 0.5
W6 May 08 Mid Oie 71.1 1.8 36.5 4.4 2.5 51.4 6.2 39.9 24.1 1.5 0.6
W6 May 08 Low Oie 76.0 2.0 40.9 4.8 2.6 53.7 6.3 37.3 23.7 1.4 0.5
W6 May 08 SF Oa 66.7 1.6 33.7 3.9 2.4 50.5 5.9 41.2 25.0 1.4 0.6
W6 May 08 High Oa 28.1 0.6 12.2 1.4 2.2 43.5 4.8 49.5 22.8 1.3 0.9
W6 May 08 Mid Oa 24.9 0.6 10.8 1.2 2.4 43.5 4.7 49.4 20.8 1.3 0.9
W6 May 08 Low Oa 40.5 1.2 23.9 2.5 2.9 59.1 6.2 31.7 23.6 1.3 0.4
Original Data Ash Free Basis
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Appendix 4: NMR analyses.
Ca/P Study
Note: Control treatment refers to the reference plots where no external treatment was applied
Averages
Chemical
Shift Chemical
Region Assignment
(ppm) % % % % % % % % % %
0 - 45 Alkyl C 25.46 27.05 26.96 26.28 28.55 29.26 32.96 33.23 30.26 31.82
45 - 60 N-Alkyl/Methoxyl C 9.56 9.51 9.24 9.40 9.17 8.73 9.47 9.33 9.03 8.56
60 - 95 O-Alkyl C 37.81 38.37 37.92 39.18 38.04 31.84 32.51 32.45 32.41 32.11
95 - 110 Di-O-Alkyl C 7.62 7.44 7.52 7.75 7.28 6.32 6.30 6.33 6.57 6.29
110 - 145 Aromatic C 10.47 10.00 10.08 9.78 9.82 12.89 10.09 10.21 11.53 11.24
145 - 165 Phenolic C 3.24 2.81 2.93 2.86 2.68 3.68 2.88 3.03 3.75 3.48
165 - 215 Amide/Carboxyl C 5.83 4.81 5.34 4.76 4.45 7.28 5.79 5.41 6.46 6.49
Chemical
Shift Chemical
Region Assignment
(ppm) % % % % % % % % % %
0 - 45 Alkyl C 20.23 22.82 19.08 19.83 20.49 16.37 14.70 15.31 15.01 14.27
45 - 60 N-Alkyl/Methoxyl C 9.14 11.42 10.33 10.32 10.74 8.47 9.14 10.04 9.87 8.70
60 - 95 O-Alkyl C 47.52 46.43 48.61 46.40 47.20 49.93 54.30 53.61 54.79 55.15
95 - 110 Di-O-Alkyl C 8.09 6.78 8.02 8.05 7.32 9.02 9.74 8.97 9.59 9.23
110 - 145 Aromatic C 5.55 3.39 4.58 6.03 4.53 4.85 5.63 3.01 2.86 4.44
145 - 165 Phenolic C 1.73 1.27 1.33 1.68 1.45 2.02 2.40 1.56 0.82 0.98
165 - 215 Amide/Carboxyl C 7.75 7.88 8.05 7.69 8.28 9.34 6.76 7.48 7.07 7.22
Std Errors
Chemical
Shift Chemical
Region Assignment
(ppm) % % % % % % % % % %
0 - 45 Alkyl 0.89 0.84 0.28 0.52 0.87 3.44 1.74 1.02 1.31 1.54
45 - 60 N-Alkyl/Methoxyl 0.16 0.24 0.12 0.33 0.24 0.42 0.37 0.27 0.36 0.16
60 - 95 O-Alkyl 0.47 0.50 0.18 0.42 0.40 1.33 0.74 0.60 0.65 0.51
95 - 110 Di-O-Alkyl 0.10 0.20 0.05 0.17 0.09 0.26 0.23 0.10 0.42 0.33
110 - 145 Aromatic 0.21 0.16 0.24 0.29 0.39 2.61 0.46 0.34 0.75 0.60
145 - 165 Phenolic 0.26 0.11 0.18 0.17 0.17 0.50 0.22 0.25 0.25 0.38
165 - 215 Amide/Carboxyl 0.65 0.08 0.15 0.17 0.21 0.52 0.42 0.32 0.70 0.59
Chemical
Shift Chemical
Region Assignment
(ppm) % % % % % % % % % %
0 - 45 Alkyl 0.71 0.66 1.67 1.06 0.88 1.95 1.26 1.36 0.37 2.30
45 - 60 N-Alkyl/Methoxyl 0.49 0.54 0.81 0.54 0.79 0.84 1.24 0.80 0.13 1.85
60 - 95 O-Alkyl 3.20 2.76 1.76 1.50 2.28 4.66 1.33 0.98 0.85 1.74
95 - 110 Di-O-Alkyl 0.40 0.19 0.58 0.56 0.28 0.78 0.54 0.53 0.21 0.74
110 - 145 Aromatic 1.20 0.71 0.96 0.66 0.77 1.06 2.98 1.25 0.30 2.04
145 - 165 Phenolic 0.85 0.11 0.24 0.22 0.48 0.98 1.38 0.50 0.24 0.20
165 - 215 Amide/Carboxyl 0.70 1.35 0.63 0.21 0.27 2.60 0.43 0.47 0.35 0.47
Group 4: Low
Ca + P Group 5: P
Group 1:
High Ca
Group 2:
Low Ca
Group 3:
Control
Group 3:
Control
Group 5: P
Oie Oa
Group 1:
High Ca
Group 2:
Low Ca
Group 3:
Control
Group 3:
Control
Group 4: Low
Ca + P
Group 1:
High Ca
Group 2:
Low Ca
Group 3:
Control
Group 5: P
October 2006: HWEOM
October 2006: Whole Soil
Oie Oa
Group 1:
High Ca
Group 2:
Low Ca
Group 2:
Low Ca
Group 5: P
Group 1:
High Ca
Group 2:
Low Ca
Group 3:
Control
Group 4: Low
Ca + P
Group 1:
High Ca
Group 2:
Low Ca
October 2006: Whole Soil
October 2006: HWEOM
Oie Oa
Group 4:
Low Ca + P Group 5: P
Oie Oa
Group 5: P
Group 1:
High Ca
Group 4:
Low Ca + P Group 5: PGroup 5: P
Group 1:
High Ca
Group 2:
Low Ca
Group 3:
Control
Group 4:
Low Ca + P
Group 4:
Low Ca + P
Group 3:
Control
Group 4: Low
Ca + P
189
Chemical
Shift Chemical
Region Assignment
(ppm) % % % % % % % % % %
0 - 45 Alkyl 27.18 28.05 28.74 26.73 27.50 37.87 40.36 34.27 38.36 37.80
45 - 60 N-Alkyl/Methoxyl 9.31 10.13 10.76 10.75 10.02 9.66 8.54 8.08 6.52 7.80
60 - 95 O-Alkyl 41.20 41.01 40.77 42.28 40.70 35.65 31.96 31.81 38.99 34.15
95 - 110 Di-O-Alkyl 7.19 7.35 7.70 7.71 7.55 4.53 4.64 6.21 3.84 4.78
110 - 145 Aromatic 8.13 8.11 8.10 7.82 9.13 4.60 5.57 8.62 5.08 8.81
145 - 165 Phenolic 2.00 1.57 1.72 2.25 2.22 0.30 0.79 2.59 0.16 1.57
165 - 215 Amide/Carboxyl 4.99 3.78 2.22 2.46 2.87 7.40 8.13 8.41 7.05 5.09
Chemical
Shift Chemical
Region Assignment
(ppm) % % % % % % % % % %
0 - 45 Alkyl 16.90 16.98 15.11 19.63 16.75 11.93 12.71 8.70 14.59 5.74
45 - 60 N-Alkyl/Methoxyl 8.05 8.76 8.05 9.52 8.93 8.17 9.44 7.29 7.38 3.56
60 - 95 O-Alkyl 46.98 51.41 53.88 48.71 52.91 60.33 58.43 61.58 53.86 63.47
95 - 110 Di-O-Alkyl 9.31 9.75 10.72 8.71 9.34 11.85 11.03 12.61 10.70 13.63
110 - 145 Aromatic 6.84 4.54 3.14 5.00 3.68 1.79 3.02 2.67 3.67 5.98
145 - 165 Phenolic 2.52 1.15 0.55 1.73 0.58 0.85 1.40 0.35 0.66 0.58
165 - 215 Amide/Carboxyl 9.41 7.40 8.55 6.69 7.82 5.08 3.96 6.81 9.14 7.04
Group 4: Low
Ca + P
Oa/A
Group 5: P
Group 1:
High Ca
Group 2:
Low Ca
Group 3:
Control
October 2007: Whole Soil
October 2007: HWEOM
Oie Oa/A
Group 4:
Low Ca + P Group 5: P
Oie
Group 1:
High Ca
Group 2:
Low Ca
Group 3:
Control
Group 1:
High Ca
Group 4:
Low Ca + P Group 5: PGroup 5: P
Group 1:
High Ca
Group 2:
Low Ca
Group 3:
Control
Group 2:
Low Ca
Group 3:
Control
Group 4: Low
Ca + P
Chemical
Shift Chemical
Region Assignment
(ppm) % % % % % % % % % %
0 - 45 Alkyl 23.91 25.79 25.20 23.60 24.85 26.20 31.33 28.49 27.72 35.19
45 - 60 N-Alkyl/Methoxyl 9.12 9.43 9.48 9.32 9.14 9.72 9.68 9.13 8.72 7.99
60 - 95 O-Alkyl 38.51 39.31 38.74 38.20 36.81 32.36 32.57 30.08 28.13 29.65
95 - 110 Di-O-Alkyl 8.10 7.76 7.76 7.86 7.68 7.63 6.46 7.19 6.88 5.15
110 - 145 Aromatic 11.27 10.42 10.27 11.36 12.04 14.03 11.25 12.46 13.41 10.83
145 - 165 Phenolic 3.20 2.99 3.30 3.85 3.86 3.95 3.26 4.83 5.93 3.30
165 - 215 Amide/Carboxyl 5.89 4.30 5.25 5.81 5.63 6.12 5.45 7.82 9.20 7.89
Chemical
Shift Chemical
Region Assignment
(ppm) % % % % % % % % % %
0 - 45 Alkyl 15.43 19.13 16.83 20.00 18.22 13.06 12.01 12.11 13.78 12.31
45 - 60 N-Alkyl/Methoxyl 8.39 9.49 9.63 10.30 9.25 8.76 8.32 8.51 9.99 8.71
60 - 95 O-Alkyl 49.80 50.51 50.03 46.59 52.34 54.82 56.87 54.71 60.08 56.84
95 - 110 Di-O-Alkyl 10.02 8.64 9.17 7.71 8.49 10.77 10.88 9.94 10.29 10.21
110 - 145 Aromatic 6.66 3.39 5.39 5.12 3.62 4.54 4.36 5.37 0.79 4.19
145 - 165 Phenolic 2.72 1.07 2.74 2.72 0.68 2.72 2.51 3.24 0.79 2.12
165 - 215 Amide/Carboxyl 6.98 7.77 6.21 7.55 7.41 5.33 5.06 6.12 4.28 5.61
Group 1:
High Ca
Group 4:
Low Ca + P Group 5: PGroup 5: P
Group 1:
High Ca
Group 2:
Low Ca
Group 3:
Control
Group 2:
Low Ca
Group 3:
Control
Group 4: Low
Ca + P
October 2008: Whole Soil
October 2008: HWEOM
Oie Oa/A
Group 4:
Low Ca + P Group 5: P
Oie Oa/A
Group 5: P
Group 1:
High Ca
Group 2:
Low Ca
Group 3:
Control
Group 1:
High Ca
Group 2:
Low Ca
Group 3:
Control
Group 4: Low
Ca + P
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Elevation Study
Chemical Oie Oa/A
Shift Chemical SFB High Mid Low SFB High Mid Low
Region Assignment
(ppm) % % % % % % % %
0 - 45 Alkyl 32.91 28.02 28.28 29.16 37.76 39.39 41.56 36.96
110 - 145 Aromatic 9.63 11.00 10.72 10.36 8.89 9.89 9.93 10.05
145 - 165 Phenolic 2.36 3.46 4.92 2.73 2.33 3.12 2.42 2.81
165 - 215 Amide/Carboxyl 4.11 5.74 7.67 4.10 4.54 5.15 4.48 4.83
Chemical Oie Oa/A
Shift Chemical SFB High Mid Low SFB High Mid Low
Region Assignment
(ppm) % % % % % % % %
0 - 45 Alkyl 20.01 19.18 19.95 21.07 17.59 17.00 15.68 17.61
110 - 145 Aromatic 7.18 8.57 5.45 5.73 2.76 3.70 3.12 3.05
145 - 165 Phenolic 4.79 6.10 4.53 4.51 3.89 4.88 4.27 4.11
165 - 215 Amide/Carboxyl 6.46 7.75 6.63 6.36 6.07 6.02 5.99 7.10
70.95 68.13
W1 06: Whole Soil
45 - 110 O-Alkyl 50.99 51.78 48.40 53.65 46.49 42.45 41.60 45.35
W1 06: HWEOM
45 - 110 O-Alkyl 61.56 58.41 63.44 62.32 69.69 68.40
Chemical Oie Oa/A
Shift Chemical SFB High Mid Low SFB High Mid Low
Region Assignment
(ppm) % % % % % % % %
0 - 45 Alkyl 28.50 30.22 25.66 27.06 37.40 43.66 36.06 36.09
110 - 145 Aromatic 11.23 11.18 11.98 11.04 8.84 10.04 12.62 10.65
145 - 165 Phenolic 4.82 4.88 5.84 4.80 3.67 3.68 4.52 3.47
165 - 215 Amide/Carboxyl 6.80 6.74 7.31 6.91 8.10 6.66 7.33 6.90
Chemical Oie Oa/A
Shift Chemical SFB High Mid Low SFB High Mid Low
Region Assignment
(ppm) % % % % % % % %
0 - 45 Alkyl 22.24 17.95 20.28 22.28 17.60 14.38 16.20 17.21
110 - 145 Aromatic 3.71 9.18 7.21 6.67 2.83 3.94 3.94 4.85
145 - 165 Phenolic 3.54 7.04 6.26 6.15 4.98 4.57 5.37 6.65
165 - 215 Amide/Carboxyl 4.31 3.02 3.94 3.68 4.44 2.61 2.76 3.91
70.16 74.50 71.73 67.37
35.97 39.46 42.89
W1 07: HWEOM
45 - 110 O-Alkyl 66.20 62.81 62.31 61.22
W1 07: Whole Soil
45 - 110 O-Alkyl 48.65 46.97 49.21 50.19 41.99
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Chemical Oie Oa/A
Shift Chemical SFB High Mid Low SFB High Mid Low
Region Assignment
(ppm) % % % % % % % %
0 - 45 Alkyl 27.73 27.10 23.03 26.86 36.45 39.31 37.32 32.31
110 - 145 Aromatic 10.91 11.94 14.39 11.85 9.66 10.14 11.79 13.44
145 - 165 Phenolic 3.14 5.63 6.12 5.29 4.27 3.44 4.35 5.27
165 - 215 Amide/Carboxyl 4.06 7.10 6.92 6.72 7.69 5.81 6.52 7.49
Chemical Oie Oa/A
Shift Chemical SFB High Mid Low SFB High Mid Low
Region Assignment
(ppm) % % % % % % % %
0 - 45 Alkyl 18.45 20.03 19.24 21.58 14.42 13.37 14.99 15.59
110 - 145 Aromatic 6.06 6.77 6.73 6.03 2.72 3.60 2.76 3.75
145 - 165 Phenolic 2.91 5.98 4.80 5.94 1.54 4.19 3.81 4.91
165 - 215 Amide/Carboxyl 7.87 3.44 4.57 4.87 7.82 3.10 3.12 5.02
73.50 75.74 75.32 70.74
45 - 110 O-Alkyl 54.17 48.23 49.54 49.29
W1 08: Whole Soil
41.92 41.30 40.02 41.49
45 - 110 O-Alkyl 64.70 63.78
W1 08: HWEOM
64.66 61.58
Chemical Oie Oa/A
Shift Chemical SFB High Mid Low SFB High Mid Low
Region Assignment
(ppm) % % % % % % % %
0 - 45 Alkyl 30.03 30.32 27.06 27.42 36.89 37.95 31.50 32.11
110 - 145 Aromatic 10.43 10.13 10.90 11.62 9.04 9.96 12.57 12.33
145 - 165 Phenolic 3.61 2.70 3.00 3.74 2.80 2.90 3.98 2.81
165 - 215 Amide/Carboxyl 4.87 4.78 4.65 5.08 5.01 5.05 5.93 4.16
Chemical Oie Oa/A
Shift Chemical SFB High Mid Low SFB High Mid Low
Region Assignment
(ppm) % % % % % % % %
0 - 45 Alkyl 21.25 17.82 19.33 18.90 15.19 8.54 11.27 12.14
110 - 145 Aromatic 6.62 5.59 6.13 7.00 3.97 4.68 5.52 3.31
145 - 165 Phenolic 2.97 1.75 1.89 2.55 1.19 1.76 2.83 0.84
165 - 215 Amide/Carboxyl 10.09 6.80 7.47 10.68 7.39 5.70 6.40 7.16
65.18 60.87 72.27 79.32 73.97 76.55
W6 06: Whole Soil
45 - 110 O-Alkyl 51.06 52.07 54.38 52.15 46.26 44.13 46.02
45 - 110 O-Alkyl 59.08 68.05
48.60
W6 06: HWEOM
192
Chemical Oie Oa/A
Shift Chemical SFB High Mid Low SFB High Mid Low
Region Assignment
(ppm) % % % % % % % %
0 - 45 Alkyl 32.66 29.95 24.23 28.12 34.64 37.93 31.58 36.22
110 - 145 Aromatic 10.43 10.59 11.96 12.49 11.01 10.43 12.42 9.85
145 - 165 Phenolic 3.81 4.95 6.04 5.73 4.44 3.06 5.11 3.69
165 - 215 Amide/Carboxyl 5.44 7.62 7.67 6.64 6.35 6.03 8.94 1.32
Chemical Oie Oa/A
Shift Chemical SFB High Mid Low SFB High Mid Low
Region Assignment
(ppm) % % % % % % % %
0 - 45 Alkyl 18.08 17.64 20.65 19.44 13.85 13.56 9.72 15.30
110 - 145 Aromatic 6.03 5.83 6.56 6.30 4.01 4.34 6.13 3.30
145 - 165 Phenolic 2.56 5.49 4.21 2.85 1.00 5.98 3.29 1.50
165 - 215 Amide/Carboxyl 11.23 9.33 11.98 11.11 10.16 2.68 9.85 10.71
56.60 60.30 70.98 73.45 71.00 69.19
W6 07: Whole Soil
45 - 110 O-Alkyl 47.66 46.88 50.09 47.02 43.56 42.55 41.95
45 - 110 O-Alkyl 62.09 61.71
48.92
W6 07: HWEOM
Chemical Oie Oa/A
Shift Chemical SFB High Mid Low SFB High Mid Low
Region Assignment
(ppm) % % % % % % % %
0 - 45 Alkyl 34.55 28.91 38.74 28.15 34.15 29.26 29.44 25.13
110 - 145 Aromatic 12.65 12.41 10.20 10.64 10.74 11.19 13.28 13.54
145 - 165 Phenolic 6.53 5.64 3.84 4.49 4.23 5.38 4.96 5.29
165 - 215 Amide/Carboxyl 3.78 1.97 8.40 7.18 6.76 6.78 7.98 5.56
Chemical Oie Oa/A
Shift Chemical SFB High Mid Low SFB High Mid Low
Region Assignment
(ppm) % % % % % % % %
0 - 45 Alkyl 20.97 17.28 22.77 12.09 19.10 16.35 22.82 14.21
110 - 145 Aromatic 4.65 3.66 5.99 2.91 5.85 2.45 5.58 6.00
145 - 165 Phenolic 5.23 5.23 6.07 4.32 6.67 4.80 6.92 5.56
165 - 215 Amide/Carboxyl 4.15 4.10 4.13 2.75 4.33 4.29 4.85 3.95
59.83 70.28
50.48
W6 08: HWEOM
45 - 110 O-Alkyl 64.99 69.73 61.05 77.93 64.05 72.11
W6 08: Whole Soil
45 - 110 O-Alkyl 42.48 51.07 38.82 49.53 44.13 47.39 44.35
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Appendix 5: Molecular mixing model data.
Soil Depth Study
% % % % % % % % % % % % % %
Carbohydrate 37.5 64.1 66.9 65.2 66.3 63.1 66.1 49.9 51.9 43.0 46.3 43.2 36.9 35.9
Protein 16.1 16.0 16.7 16.7 17.6 18.3 20.5 10.6 12.2 11.8 12.2 12.8 13.7 14.9
Lignin 21.6 3.3 3.6 8.3 6.4 7.5 3.1 21.2 16.3 24.5 18.2 14.3 12.2 7.8
Lipid 12.0 6.8 6.1 5.0 4.1 3.8 4.0 18.3 19.6 20.1 23.3 29.7 37.2 41.4
Carbonyl 12.8 9.7 6.6 4.8 5.6 7.3 6.4 0.0 0.0 0.6 0.0 0.0 0.0 0.0
% % % % % % % % % % % % % %
Carbohydrate 52.9 57.4 56.2 60.7 61.3 68.8 68.8 46.4 43.7 43.6 39.2 34.6 36.7 34.9
Protein 16.5 19.3 20.0 20.6 20.2 22.8 19.4 13.8 16.5 17.4 17.5 17.2 17.2 18.0
Lignin 14.9 10.0 10.4 10.2 8.2 6.2 8.7 18.0 15.2 9.6 13.1 17.2 6.7 3.5
Lipid 8.8 6.5 11.0 5.2 6.4 2.2 2.9 20.8 22.3 26.9 29.2 31.0 39.4 43.6
Carbonyl 7.0 6.8 2.3 3.3 3.8 0.0 0.2 1.0 2.2 2.6 1.0 0.0 0.0 0.0
Oa (1-2 cm) Oa (2-3 cm) Oa (3-4 cm) Oa (4-5 cm)Oa (3-4 cm) Oa (4-5 cm) Oi Oe Oa (0-1 cm)
Molecular
Component
Oi Oe Oa (0-1 cm) Oa (1-2 cm) Oa (2-3 cm)
Spruce/Fir Hot water extracted organic matter W6 Whole Soil
Oa (3-4 cm) Oa (4-5 cm) Oi Oe Oa (0-1 cm)
Spruce/Fir Hot water extracted organic matter W1 Whole Soil
Molecular
Component
Oi Oe Oa (0-1 cm) Oa (1-2 cm) Oa (2-3 cm) Oa (1-2 cm) Oa (2-3 cm) Oa (3-4 cm) Oa (4-5 cm)
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% % % % % % % % % % % % % %
Carbohydrate 46.9 56.4 60.3 61.1 63.2 67.1 67.5 58.6 50.6 47.9 42.6 38.7 34.6 36.2
Protein 13.3 21.1 23.9 24.0 23.8 21.0 19.4 11.9 15.3 16.7 17.3 17.4 18.3 17.1
Lignin 18.9 8.3 5.1 6.1 4.2 4.7 4.3 13.5 15.2 12.8 12.2 6.1 3.1 3.8
Lipid 5.9 7.7 6.8 4.7 5.3 4.7 5.3 15.0 19.0 22.7 27.9 37.7 43.9 42.9
Carbonyl 15.1 6.6 3.9 4.1 3.5 2.4 3.5 1.0 0.0 0.0 0.0 0.0 0.0 0.0
% % % % % % % % % % % % % %
Carbohydrate 46.1 50.1 56.8 65.7 61.3 65.5 49.9 40.4 37.9 33.6 37.3 38.9 31.7
Protein 16.5 23.8 21.1 21.3 20.3 19.0 10.2 12.5 13.0 16.7 17.7 16.2 15.0
Lignin 25.4 14.1 10.2 5.9 9.1 7.9 20.0 20.3 17.7 13.5 9.7 12.3 14.3
Lipid 5.3 6.4 5.9 3.5 5.3 3.8 15.5 20.2 27.1 32.2 33.7 28.9 35.1
Carbonyl 6.7 5.6 6.0 3.5 3.9 3.8 4.4 6.6 4.2 3.9 1.8 3.7 3.9
Oa (1-2 cm) Oa (2-3 cm) Oa (3-4 cm) Oa (4-5 cm)
Oa (1-2 cm) Oa (2-3 cm) Oa (3-4 cm) Oa (4-5 cm)
Oa (3-4 cm) Oa (4-5 cm) Oi Oe Oa (0-1 cm)
Molecular
Component
Oi Oe Oa (0-1 cm) Oa (1-2 cm) Oa (2-3 cm)
Hardwood Hot water extracted organic matter W6 Whole Soil
Oa (3-4 cm) Oa (4-5 cm) Oi Oe Oa (0-1 cm)
Molecular
Component
Oi Oe Oa (0-1 cm) Oa (1-2 cm) Oa (2-3 cm)
Hardwood Hot water extracted organic matter W1 Whole Soil
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Ca/P Study
Note: Control treatment refers to the reference plots where no external treatment was applied
October 2007: Whole Soil
Oie Oa/A
Chemical
Assignment
Group 1:
High Ca
Group 2:
Low Ca
Group 3:
Control
Group 4:
Low Ca +
P Group 5: P
Group 1:
High Ca
Group 2:
Low Ca
Group 3:
Control
Group 4:
Low Ca +
P Group 5: P
% % % % % % % % % %
Carbohydrates 51.8 51.5 50.9 52.9 50.5 45.8 40.4 49.7 49.7 41.5
Protein 13.0 11.3 8.2 9.1 8.1 20.2 19.1 14.0 14.0 8.4
Lignin 14.2 14.7 16.4 16.2 18.5 2.0 4.6 1.5 1.5 14.2
Lipid 21.0 22.6 24.5 21.7 22.9 32.1 35.9 34.9 34.9 36.0
Carbonyl 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
October 2007: HWEOM
Oie Oa/A
Chemical
Assignment
Group 1:
High Ca
Group 2:
Low Ca
Group 3:
Control
Group 4:
Low Ca +
P Group 5: P
Group 1:
High Ca
Group 2:
Low Ca
Group 3:
Control
Group 4:
Low Ca +
P Group 5: P
% % % % % % % % % %
Carbohydrates 60.1 66.5 70.2 62.8 68.5 77.2 74.4 78.6 70.0 76.7
Protein 22.1 21.9 24.7 20.4 23.8 18.0 16.3 19.7 24.6 7.2
Lignin 10.4 4.9 1.1 6.8 1.8 1.4 4.9 1.7 1.8 9.0
Lipid 6.1 6.7 4.0 10.0 5.9 3.4 4.5 0.0 3.4 0.9
Carbonyl 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 6.2
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Appendix 6: Biodegradation study.
Ca/P Study
Note: This experiment was conducted on October 2008 samples. The hot-water extractable organic matter was extracted using 150 ml
DI water and 10 and 30 g of Oie and Oa horizon soils, respectively.
Lable identification:
F=Oie O=Oa
Days
Volume
Remained
(ml)
0 100
1 98.9
2 97.8
3 96.7
7 95.5
14 94.1
21 92.7
28 90.8
35 89.3
42 87.6
Assumption: For the solution, 1 g = 1 ml.
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Note: Control treatment refers to the reference plots where no external treatment was applied.
Treatment: High Ca High Ca Control Low Ca and P Low Ca Control Low Ca High Ca High Ca Low Ca and P P Low Ca and P P Control P High Ca High Ca
Reactor ID: 21 22 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38
Sample ID: 1F 2F 4F 5F 6F 7F 8F 9F 1F cold 10F 11F 12F 13F 14F 15F 1O 2O
Days DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L
0 347.8 448.5 1231.6 900.3 464.3 998.1 751.4 432.3 67.0 270.4 523.2 423.1 518.4 503.7 589.6 202.0 209.0
1 418.5 333.5 1185.4 913.1 469.2 971.2 607.8 447.7 53.3 219.6 606.9 512.7 581.0 433.8 516.5 216.0 202.1
2 379.4 421.4 1087.8 783.9 235.1 964.8 626.5 464.9 54.3 218.8 507.4 429.5 591.8 488.3 487.2 220.3 190.8
3 1335.9 662.4 359.6 749.6 573.5 366.8 68.3 229.8 481.7 457.4 567.9 434.8 495.0 283.7 168.7
7 178.0 229.9 662.1 428.1 213.6 396.4 299.2 212.5 84.8 217.3 461.8 386.1 595.9 505.1 511.9 198.5 186.3
14 195.2 219.2 614.3 379.8 218.8 442.9 311.0 205.7 44.5 197.1 345.7 369.8 541.8 450.0 457.7 175.7 162.6
21 199.3 209.3 566.9 269.7 239.8 418.8 531.3 178.1 19.4 172.3 329.8 259.7 446.4 401.4 447.6 168.5 176.2
28 187.7 181.4 446.9 296.3 168.4 367.7 357.1 161.1 23.8 208.2 382.4 288.1 417.0 373.0 410.9 158.4 149.2
35 146.2 196.4 499.2 273.0 185.6 378.9 227.1 132.2 28.3 222.3 345.3 268.4 390.1 346.7 422.3 168.4 157.0
42 154.9 129.5 619.3 302.1 207.2 362.5 274.8 191.0 58.3 203.3 378.3 280.0 447.6 308.2 383.1 167.4 169.0
Initial C, mg 34.8 44.9 123.2 90.0 46.4 99.8 75.1 43.2 6.7 27.0 52.3 42.3 51.8 50.4 59.0 20.2 20.9
21 22 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38
1F 2F 4F 5F 6F 7F 8F 9F 1F cold 10F 11F 12F 13F 14F 15F 1O 2O
Days C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 -7.1 11.5 4.6 -1.3 -0.5 2.7 14.4 -1.5 1.4 5.1 -8.4 -9.0 -6.3 7.0 7.3 -1.4 0.7
2 -3.2 2.7 14.4 11.6 22.9 3.3 12.5 -3.3 1.3 5.2 1.6 -0.6 -7.3 1.5 10.2 -1.8 1.8
3 -10.4 23.8 10.5 24.8 17.8 6.5 -0.1 4.1 4.2 -3.4 -4.9 6.9 9.5 -8.2 4.0
7 17.0 21.9 57.0 47.2 25.1 60.2 45.2 22.0 -1.8 5.3 6.1 3.7 -7.7 -0.1 7.8 0.4 2.3
14 15.3 22.9 61.7 52.1 24.6 55.5 44.0 22.7 2.3 7.3 17.8 5.3 -2.3 5.4 13.2 2.6 4.6
21 14.9 23.9 66.5 63.1 22.4 57.9 22.0 25.4 4.8 9.8 19.3 16.3 7.2 10.2 14.2 3.4 3.3
28 16.0 26.7 78.5 60.4 29.6 63.0 39.4 27.1 4.3 6.2 14.1 13.5 10.1 13.1 17.9 4.4 6.0
35 20.2 25.2 73.2 62.7 27.9 61.9 52.4 30.0 3.9 4.8 17.8 15.5 12.8 15.7 16.7 3.4 5.2
42 19.3 31.9 61.2 59.8 25.7 63.6 47.7 24.1 0.9 6.7 14.5 14.3 7.1 19.6 20.6 3.5 4.0
21 22 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38
Days 1F 2F 4F 5F 6F 7F 8F 9F 1F cold 10F 11F 12F 13F 14F 15F 1O 2O
%C degraded
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 -20.3 25.6 3.8 -1.4 -1.1 2.7 19.1 -3.6 20.4 18.8 -16.0 -21.2 -12.1 13.9 12.4 -6.9 3.3
2 -9.1 6.1 11.7 12.9 49.4 3.3 16.6 -7.6 18.9 19.1 3.0 -1.5 -14.1 3.1 17.4 -9.0 8.7
3 -8.5 26.4 22.6 24.9 23.7 15.1 -1.9 15.0 7.9 -8.1 -9.5 13.7 16.0 -40.4 19.3
7 48.8 48.7 46.2 52.4 54.0 60.3 60.2 50.8 -26.6 19.7 11.7 8.7 -14.9 -0.3 13.2 1.8 10.9
14 43.9 51.1 50.1 57.8 52.9 55.6 58.6 52.4 33.6 27.1 33.9 12.6 -4.5 10.7 22.4 13.1 22.2
21 42.7 53.3 54.0 70.0 48.3 58.0 29.3 58.8 71.1 36.3 37.0 38.6 13.9 20.3 24.1 16.6 15.7
28 46.0 59.6 63.7 67.1 63.7 63.2 52.5 62.7 64.4 23.0 26.9 31.9 19.6 25.9 30.3 21.6 28.6
35 58.0 56.2 59.5 69.7 60.0 62.0 69.8 69.4 57.8 17.8 34.0 36.6 24.8 31.2 28.4 16.6 24.9
42 55.5 71.1 49.7 66.4 55.4 63.7 63.4 55.8 12.9 24.8 27.7 33.8 13.7 38.8 35.0 17.2 19.1
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Treatment: Control Control Low Ca Low Ca and P Low Ca Control Low Ca High Ca Low Ca and P P Low Ca and P High Ca P Control P Low Ca Control
Reactor ID: 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55
Sample ID: 4O 4Fcold 17F 5O 6O 7O 8O 9O 10O 11O 12O 1Ocold 13O 14O 15O 17O 4Ocold
Days DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L DOC, mg/L
0 493.1 74.3 317.8 742.1 154.1 313.1 356.0 166.0 181.1 391.2 176.6 37.1 302.3 227.8 507.6 399.4 530.8
1 513.9 82.7 405.1 710.0 128.2 294.2 368.1 168.4 152.5 409.3 176.5 39.8 311.1 227.1 759.0 355.4 496.1
2 503.4 74.6 335.8 746.7 173.6 266.0 363.9 175.6 201.5 328.9 166.5 38.3 0.0 239.1 621.4 379.7 484.7
3 462.9 68.3 264.0 579.7 124.9 266.0 354.6 133.0 175.2 386.9 155.6 33.3 161.7 222.7 605.5 371.7 388.3
7 456.0 87.6 292.8 680.7 151.3 293.1 335.5 142.5 146.0 306.3 142.5 38.6 261.2 234.5 664.4 373.0 440.7
14 426.2 100.3 252.5 520.4 150.6 270.8 276.3 154.1 139.2 431.7 179.0 40.3 261.9 202.2 651.4 364.8 376.3
21 458.4 86.6 335.5 567.5 142.2 324.5 347.9 145.8 130.4 374.9 135.9 45.6 226.0 174.3 555.8 301.6 492.8
28 392.6 61.0 246.8 580.9 125.9 304.8 306.9 124.1 135.0 332.9 122.1 34.7 239.3 149.2 486.2 317.3 365.4
35 387.8 64.2 243.9 447.0 137.3 276.5 257.0 133.6 118.2 316.7 124.3 34.4 250.0 171.8 536.8 267.9 422.2
42 451.1 65.5 291.8 447.0 116.5 256.6 304.7 122.9 119.0 337.1 130.4 37.8 270.6 173.0 525.8 334.5 422.3
Initial C, mg 49.3 7.4 31.8 74.2 15.4 31.3 35.6 16.6 18.1 39.1 17.7 3.7 30.2 22.8 50.8 39.9 53.1
39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55
4O 4Fcold 17F 5O 6O 7O 8O 9O 10O 11O 12O 1Ocold 13O 14O 15O 17O 4Ocold
Days C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg C biodeg., mg
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 -2.1 -0.8 -8.7 3.2 2.6 1.9 -1.2 -0.2 2.9 -1.8 0.0 -0.3 -0.9 0.1 -25.1 4.4 3.5
2 -1.0 0.0 -1.8 -0.5 -2.0 4.7 -0.8 -1.0 -2.0 6.2 1.0 -0.1 30.2 -1.1 -11.4 2.0 4.6
3 3.0 0.6 5.4 16.2 2.9 4.7 0.1 3.3 0.6 0.4 2.1 0.4 14.1 0.5 -9.8 2.8 14.3
7 3.7 -1.3 2.5 6.1 0.3 2.0 2.1 2.4 3.5 8.5 3.4 -0.1 4.1 -0.7 -15.7 2.6 9.0
14 6.7 -2.6 6.5 22.2 0.3 4.2 8.0 1.2 4.2 -4.1 -0.2 -0.3 4.0 2.6 -14.4 3.5 15.5
21 3.5 -1.2 -1.8 17.5 1.2 -1.1 0.8 2.0 5.1 1.6 4.1 -0.9 7.6 5.4 -4.8 9.8 3.8
28 10.1 1.3 7.1 16.1 2.8 0.8 4.9 4.2 4.6 5.8 5.5 0.2 6.3 7.9 2.1 8.2 16.5
35 10.5 1.0 7.4 29.5 1.7 3.7 9.9 3.2 6.3 7.4 5.2 0.3 5.2 5.6 -2.9 13.1 10.9
42 4.2 0.9 2.6 29.5 3.8 5.7 5.1 4.3 6.2 5.4 4.6 -0.1 3.2 5.5 -1.8 6.5 10.9
39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55
Days 4O 4Fcold 17F 5O 6O 7O 8O 9O 10O 11O 12O 1Ocold 13O 14O 15O 17O 4Ocold
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 -4.2 -11.4 -27.5 4.3 16.8 6.0 -3.4 -1.4 15.8 -4.6 0.1 -7.2 -2.9 0.3 -49.5 11.0 6.5
2 -2.1 -0.5 -5.7 -0.6 -12.7 15.1 -2.2 -5.7 -11.3 15.9 5.7 -3.1 100.0 -5.0 -22.4 4.9 8.7
3 6.1 8.0 16.9 21.9 18.9 15.1 0.4 19.9 3.2 1.1 11.9 10.3 46.5 2.2 -19.3 6.9 26.9
7 7.5 -18.0 7.9 8.3 1.8 6.4 5.8 14.2 19.3 21.7 19.3 -4.0 13.6 -2.9 -30.9 6.6 17.0
14 13.6 -35.1 20.6 29.9 2.2 13.5 22.4 7.2 23.1 -10.4 -1.3 -8.5 13.4 11.3 -28.3 8.6 29.1
21 7.0 -16.6 23.5 7.7 -3.6 2.3 12.2 28.0 4.2 23.0 -23.1 25.2 23.5 -9.5 24.5 7.2
28 20.4 17.9 22.3 21.7 18.3 2.7 13.8 25.2 25.4 14.9 30.9 6.6 20.8 34.5 4.2 20.5 31.2
35 21.4 13.5 23.3 39.8 10.9 11.7 27.8 19.6 34.7 19.0 29.6 7.3 17.3 24.6 -5.7 32.9 20.5
42 8.5 11.8 8.2 39.8 24.4 18.1 14.4 26.0 34.3 13.8 26.2 -1.9 10.5 24.1 -3.6 16.2 20.4
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Appendix 7: Soil pH for first year of treatment for Ca/P study (data courtesy of Dr. Peter
Groffman).
Key # Plot Horizon Treatement
Pretreatment Sep-06 May-07 Jul-07
pH pH pH pH
401 1 Oi/Oe High Ca++ 3.63 6.04 6.04 7.35
402 1 Oa/A High Ca++ 3.39 4.41 4.41 5.42
403 2 Oi/Oe High Ca++ 3.16 4.03 4.03 7.38
404 2 Oa/A High Ca++ 3.14 3.65 3.65 4.17
405 3 Oi/Oe Low Ca++ 3.41 3.79 3.79 6.14
406 3 Oa/A Low Ca++ 3.34 3.69 3.69 4.6
407 4 Oi/Oe Reference 3.62 3.60 3.60 3.95
408 4 Oa/A Reference 3.19 3.52 3.52 3.91
409 5 Oi/Oe Low Ca++ and P 3.03 4.40 4.40 5.96
410 5 Oa/A Low Ca++ and P 3.03 3.88 3.88 4.26
411 6 Oi/Oe Low Ca++ 3.63 4.31 4.31 5.4
412 6 Oa/A Low Ca++ 3.4 4.00 4.00 4.76
413 7 Oi/Oe Reference 3.72 3.72 3.72 4.18
414 7 Oa/A Reference 3.19 3.40 3.40 3.9
415 8 Oi/Oe Low Ca++ 3.41 3.98 3.98 5.14
416 8 Oa/A Low Ca++ 3.17 3.74 3.74 4.1
417 9 Oi/Oe High Ca++ 3.79 4.25 4.25 5.93
418 9 Oa/A High Ca++ 3.48 4.12 4.12 4.74
419 10 Oi/Oe Low Ca++ and P 3.59 4.55 4.55 5.32
420 10 Oa/A Low Ca++ and P 3.3 3.77 3.77 4
421 11 Oi/Oe P 3.39 3.80 3.80 3.96
422 11 Oa/A P 3.32 3.65 3.65 3.88
423 12 Oi/Oe Low Ca++ and P 3.68 4.74 4.74 6.22
424 12 Oa/A Low Ca++ and P 3.59 4.19 4.19 4.48
425 13 Oi/Oe P 3.9 3.73 3.73 4.31
426 13 Oa/A P 3.44 3.32 3.32 4.43
427 14 Oi/Oe Reference 3.84 3.82 3.82 4.52
428 14 Oa/A Reference 3.86 4.00 4.00 4.56
429 15 Oi/Oe P 3.57 3.79 3.79 3.78
430 15 Oa/A P 3.46 3.71 3.71 3.75
431 16 Oi/Oe Reference 3.71 3.65 3.65 4.18
432 16 Oa/A Reference 3.56 3.57 3.57 4.2
433 17 Oi/Oe Low Ca++ 3.79 3.98 3.98 5.13
434 17 Oa/A Low Ca++ 3.48 3.66 3.66 4.1
435 18 Oi/Oe Low Ca++ and P 3.87 4.39 4.39 5.25
436 18 Oa/A Low Ca++ and P 3.79 4.10 4.10 4.65
437 19 Oi/Oe High Ca++ 4.02 4.38 4.38 5.86
438 19 Oa/A High Ca++ 4.01 3.99 3.99 4.84
439 20 Oi/Oe P 4.16 3.90 3.90 4.32
440 20 Oa/A P 3.66 3.64 3.64 4.12
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